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Because of its governing role in cellular response to implants and substrates for 
biomedical applications, the understanding and control of protein adsorption to material 
surfaces has been one of the major topics of research in the field of biomaterials. 
Unfortunately, it has proven to be extremely difficult to quantitatively understand and 
control these types of interactions because of the complexities involved, and existing 
methods that have been developed and used to characterize protein–surface interactions 
have proved to be inadequate to provide the level of detail necessary to achieve this 
understanding. New, more fundamental methods, both experimental and computational, 
are needed to overcome the current limitations. At a fundamental level, protein 
adsorption behavior can be considered to be represented by the combination of the 
individual interactions between the amino acid residues making up a protein, the solvent 
environment, and the functional groups presented by a surface. These interactions can be 
best characterized by the standard state adsorption free energy (Goads) associated with 
their adsorption to a functionalized surface, and this information could be potentially very 
useful for understanding the sub–molecular events that govern protein adsorption 
behavior. In this dissertation, we specifically develop experimental methods for the 
determination of Goads to quantitatively characterize peptide adsorption behavior to 
well–defined surfaces presenting functional groups common to many types of polymeric 
biomaterials using surface plasmon resonance (SPR) spectroscopy. Also, because SPR is 
primarily limited to the types of surfaces that can readily be formed as thin layers in 
nanometer scale on gold biosensor substrates, methods are further developed and applied 
 iii
to enable values of ∆Goads to be determined for peptide adsorption to any microscopically 
flat surface. The development and application of these methods enables the fundamental 
aspects underlying protein adsorption behavior to be characterized and provides data that 
can be used for the evaluation, modification, and validation of computational models that 
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 This research involves the development and application of experimental 
methods to determine the standard state adsorption free energy for peptide adsorption 
on surfaces with various functionalities and the concept that peptide adsorption must 
first be understood before we can understand the complexities of protein adsorption 
processes.  
 Although there is a growing demand to understand the fundamental interactions 
between the functional groups presented by the amino acid residues making up a 
protein and the functional groups presented by the surface, relatively little data are 
available that experimentally provide a quantitative, comparative measure of these 
types of sub-molecular interactions. To address this deficiency, Vernekar and Latour 
have developed one of the first experimental model systems for the determination of 
standard state adsorption free energy (Goads for peptide–surface interactions using 
surface plasmon resonance (SPR) spectroscopy.1 They used a host–guest model peptide 
system on functionalized gold–alkanethiol self–assembled monolayer (SAM) surfaces. 
With this system, the peptide was found to exhibit a very sensitive adsorption response 
on the SAM surface with different functionalities by fitting a Langmuir adsorption 
model to the adsorption isotherms. However, they also identified several limitations to 
their method, including the limited solution solubility provided by their host–guest 
peptide design (G4–X–G4), difficulties to estimate the bulk–shift effects, and limitations 
with the Langmuir model. The Langmuir model that they used could not properly fit 
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isotherms that exhibited nearly zero adsorption and it did not account for peptide–
peptide interactions at the surface, but was based on the underlying assumption that 
peptide-peptide interactions were negligible.  
 In order to improve the experimental approach designed by Vernekar and Latour, 
the fourth chapter in this dissertation presents a new adsorption model developed from 
chemical potential equations for thermodynamic equilibrium. Experimental methods 
was also developed that will enable bulk–shift effects to be directly determined from 
the raw SPR vs. peptide concentration data plots and the influence of peptide–peptide 
interaction effects to be minimized, thus providing a very straightforward and accurate 
method for the determination of Goads for peptide adsorption from SPR. The fifth 
chapter was then applying these methods to generate a database of experimentally 
measured Goads values for a wide variety of amino acid residue–surface interactions. 
The sixth chapter was finally extending these experimental methods using atomic force 
microscopy (AFM) to characterize peptide–surface interactions that can be applied to 
materials surfaces that are not amenable for characterization by SPR to provide a 
comprehensive Goads database for peptide–solid surface interactions. The significance 
of these data will then not only provide insight into the fundamental mechanisms that 
influence peptide adsorption behavior as a function of surface chemistry, but also 
provide information that are important for the development and validation of molecular 
simulation methods with great potential to help address complexity of analyzing protein 
adsorption behavior by providing a tool to accurately predict and visualize molecular–
level behavior in the near–future.  
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 The rest of the dissertation will then be organized as follows: background 
section in Chapter II, specific Aims to achieve the objective of this dissertation in 
Chapter III, research work to develop an adsorption model to determine Goads for 
peptide adsorption behavior by SPR in Chapter IV, database of experimentally 
measured Goads values for a wide variety of amino acid residue/surface interactions by 
SPR in Chapter V and extension of SPR method to determine effective Goads values of 
peptide/surface interactions for surfaces that are more representative of actual 
biomaterial by AFM in Chapter VI. Finally, Chapter VII will then summarize the study 

































 It is widely recognized that protein–surface interactions are of fundamental importance 
in the field of biomaterials because of the governing role that they play in the biological 
response to an implanted material.2-6 To understand the importance of these events, it is first 
necessary to recognize that cells in the body generally do not have receptors for synthetic 
materials, and thus lack the inherent ability to respond directly to chemically stable materials 
that are made from non–biologically–based plastics, metals, or ceramics. However, when these 
types of materials are implanted in the body, proteins that are soluble in the blood and 
interstitial fluids rapidly coat the surface of the implant. This represents the critical event that 
makes the implant surface bioactive. Cellular response to an implanted material is then dictated 
by the types of proteins that adsorb to the implant’s surface and the bioactive state of those 
proteins, which, in turn, is directly influenced by the protein adsorption process.1, 7 
Unfortunately, it has proven to be extremely difficult to quantitatively understand and control 
these types of interactions because of the complexities involved.8-10 At a fundamental level, 
however, protein adsorption behavior can be considered to be represented by the combination 
of the individual interactions between the amino acid residues making up a protein, the solvent 
molecules and the functional groups presented by a surface. These types of interaction can be 
characterized by the change in standard–state free energy associated with their adsorption to a 
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functionalized surface (ΔGoads), with this information then used to provide an initial 
understanding of the sub–molecular events that govern protein adsorption behavior.  
 The topics included in this Background Section focus on (i) general concepts about 
protein adsorption processes, (ii) the significance of protein adsorption behavior at solid–
liquid interfaces, (iii) concerns about the traditional ways that have been used to 
thermodynamically analyze protein adsorption behavior, and (iv) experimental methods to 
improve the thermodynamic approach to characterize protein adsorption processes. The 
motivation of this background section was therefore to provide the basic information and 
literature review to support my research work to develop and apply experimental methods 
that can be used to help probe the sub–molecular events that govern protein–surface 
interactions in a quantitative way. 
 
2.2. Protein Adsorption Behavior at the Solid/Liquid Interface 
 Protein adsorption at solid–liquid interfaces is traditionally considered separately 
from fluid–fluid interfaces (including liquid–liquid and liquid–gas interfaces)11 and there 
are many similarities between these two interfacial types of processes as far as protein 
adsorption is concerned. However, the application of protein adsorption at fluid–fluid 
interfaces relate mostly to food colloids, emulsions, and foams rather than for medical 
implant applications.11 I therefore have primarily focused this basic section on protein 
adsorption at solid–liquid interfaces, with specific focus medical implant applications. 
 Proteins can be regarded as complex copolymers composed of primary, secondary, 
tertiary, and quaternary levels of structures. The primary structure of a protein involves 
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the specific sequence of 20 amino acids along a polypeptide chain that are coded for by 
DNA. Each amino acid has the general backbone structure of –(NH–CαHR–CO)– with 
the R group representing a specific side group structure that uniquely distinguishes each 
amino acid type. These side groups are primarily characterized into three groups: 
nonpolar, polar and charged groups. The secondary structure of a protein is then 
determined by how the polypeptide chain wraps itself into helical and beta–sheet 
structures, and the tertiary structure is determined by how the secondary structures pack 
together with each other. Finally, quaternary structure is formed with multiple 
polypeptide chains with their own primary, secondary, and tertiary structures packed 
together. Two of the main limitations to understanding protein adsorption on a sub–
molecular level are due to the large size of proteins and their molecular complexity, 
which involves up to these four levels of structure.  
 Protein adsorption often induces changes in the protein’s structure. To address 
why this occurs, we have to discuss more about the driving factors involved in this 
process. A protein tends to fold into its native state and be maintained in that state in 
aqueous solution largely via the reduction in free energy due to a decrease in the solvent 
accessible surface area of the nonpolar residues contained in the protein’s structure, 
which is driven by hydrophobic effects. These nonpolar residues are usually buried 
within the core of the protein while the hydrophilic residues (charged and polar) are 
usually located on the outside surface of the protein, which provides the protein with 
aqueous solution solubility.4 However, this general arrangement of hydrophobic and 
hydrophilic residues is not strictly organized in this manner, with each type of amino acid 
 7
residue being often contained both inside and outside of a protein’s core. This causes a 
protein’s surface to be highly amphiphilic, meaning that it displays a numbers of different 
types of functional groups (nonpolar, charged, and polar) on its surface.12 Each of the 
charged amino acid residues of a protein has a designated pKa value, which defines the 
residue’s protonation state. These pKa values are a function of the residue’s local 
environment, and thus will shift depending on the degree of solvent accessibility of the 
amino acid residue within the protein. The overall charged state of a protein is thus 
sensitive to the pH of the surrounding solution, with the pH value that results in the 
protein having a net zero charge being designated as the isoelectric point (or pI) of the 
protein. A protein’s intrinsic bioactivity is determined by the manner in which different 
functionalities from the specific amino acid sequences making up the protein are spatially 
organized on the surface of the protein to form various bioactive sites. Hence the 
interactions between a protein’s intrinsic surface activity, the solvent molecules (i.e., 
water and ions in solution), and the surface chemistry and the structural organization of 
an adsorbent surface determine protein adsorption behavior. These interactions are 
mostly non–covalent and dependent on the type of functional groups that are presented 
by the adsorbent surface. For example4, hydrophobic interactions between a protein and a 
surface require close contact between the two components, with adsorption free energy 
often being minimized when structural rearrangements in the protein occur, which leads 
to protein unfolding on the surface to reduce the solvent accessible surface area of the 
nonpolar groups of both the protein and the surface. This will be influenced by the 
structural rigidity of the protein and the structure of the solvent molecules between the 
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protein and the surface. On the other hand, on a hydrophilic surface, the minimization of 
the solvent accessible surface area of the nonpolar groups inside of the protein will tend 
to resist protein unfolding, with protein adsorption then primarily driven by hydrogen 
bonding and electrostatic interactions between the functional groups of the protein, 
solvent, and surface. While these interactions can be expected to occur between 
hydrophilic amino acids presented on the protein’s surface, these interactions can still 
perturb the thermodynamic state of the protein and cause refolding to occur to reduce the 
net free energy of the system.  
 Another primary driving force for protein adsorption comes from the mass 
transfer rate of a protein molecule to the adsorbent surface, which is directly related to the 
protein’s bulk solution concentration and inversely related to its molecular weight.4 For 
example, it is generally true that a hydrophobic surface will tend to adsorb more protein 
than a neutrally charged hydrophilic surface because of the favorable thermodynamic 
driving force for hydrophobic interactions. However, this will tend to be true only if the 
protein is adsorbed from a solution with high protein concentration such that mass 
transport to the surface is much faster than the rate of protein spreading and reorientation 
on the surface. If the protein adsorbs from a very dilute solution, which will greatly slow 
down the rate of mass transport of the protein to the surface, the opposite result may 
occur. If the rate of mass transfer is slow compared to the rate of protein spreading and 
reorientation on the surface when it adsorbs, the hydrophilic surface may actually adsorb 
more protein than the hydrophobic surface. This is because under this condition, an 
adsorbed protein has much more time to spread out over the surface before another 
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protein adsorbs to a neighboring site on the surface, which tends to block further 
spreading. These effects can cause an adsorbed protein molecule to occupy a much 
greater area of surface on a hydrophobic surface, which strongly induces protein 
unfolding, compared to a hydrophilic surface, potentially leading to a lower amount of 
protein adsorption on the hydrophobic surface when the surface becomes saturated with 
adsorbed protein.  
 The mass transfer rate is much more important in the real physiological condition 
when many different types of proteins are presented in solution, in which case a 
competitive process occurs between the different proteins for adsorption to the adsorbent 
surface. When a material is exposed to a solution containing several different soluble 
proteins, such as blood plasma, the more concentrated and smaller proteins tend to adsorb 
to the surface first, and then be displaced by larger, more strongly interacting proteins 
that may arrive at the surface at a later point in time due to their slower mass transport 
characteristics.4, 13 This exchange process, known as the Vroman effect, was first 
recognized by Vroman and Adams in the late 1960s.4, 14 Also, because proteins generally 
tend to adsorb in an irreversible manner, aside from the Vroman effect, and do not tend to 
adsorb nonspecifically to themselves, protein adsorption usually results in complete 
monolayer coverage of a surface.  
 
2.3. Significance of Protein Adsorption 
 The adsorption of proteins to surfaces has caused both positive and negative 
consequences in both natural and man–made systems. Scientists and engineers have taken 
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advantages of protein adsorption for various applications. For example, the stabilization of 
foams and micro–emulsions during the production of pharmaceutical creams and lotions is 
one of the beneficial applications of protein adsorption at liquid–liquid interfaces.15 
Therapeutic proteins are also adsorbed to substrates for drug delivery applications.16 Many 
methods of protein purification, including hydrophobic interaction and reverse–phase 
chromatography use the adsorption of proteins to a solid matrix as a separation 
mechanism.17 However, protein adsorption can also lead to detrimental effects for a system. 
The plaque formation on teeth is a common example of this, which is initiated by 
adsorption of food and saliva proteins to tooth enamel.18 The clouding of contact lenses 
also results from the adsorption of tear proteins adhering to the solid lens surfaces.19-20 The 
fouling of bioprocess equipment, naval equipment, kidney dialysis membranes, and 
biosensor membranes are just a few other examples of costly industrial problems associated 
with protein adsorption.21-22 However, the most severe consequence of protein adsorption 
may be their influence on the biological response of the body to biomedical implants, 
ranging from bone cement to artificial heart valves.  Protein adsorption to these devices 
often leads to serious medical problems.23 For example, while not yet well understood, 
platelets in blood readily adhere and activate against the adsorbed layer of proteins that 
rapidly form on most biomaterial surfaces as soon as they come in contact with blood, 
leading to thrombus formation.24-25 Thrombus formation that forms on a biomaterials 
surface may cause a serious health risk in that it can cause blood vessel occlusion at the 
location where it forms, or it may also break off and form an embolus, which is a free blood 
clot that is carried through the circulatory system. Depending on where the embolus is 
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delivered, it may cause the organ damage, pulmonary edema, congestive heart failure, or 
stroke. The principles underlying the influence of adsorbed proteins in biomaterials used in 
contact with the blood are also applicable to other environments such as the extra–vascular 
spaces. In this case different cell types other than platelets interact with adsorbed proteins; 
in particular macrophages, which govern inflammatory responses in the body.26  
 In order to solve problems caused by protein adsorption, biomedical implants 
have been constructed from a wide range of synthetic polymers, metals, and ceramics 
with the goal to alter protein adsorption behavior such that the body does not recognize 
the implanted device as being foreign to the body. Unfortunately, none of the existing 
synthetic materials used for implants or blood contacting applications have yet met this 
goal. Continued research in the area of protein adsorption to biomedical implants towards 
this ideal situation can be divided into two general approaches. The first approach 
essentially represents biomaterials design by an educated trial–and–error based method. 
In this case, potential implant materials are directly contacted with whole blood or blood 
proteins either in vivo or in vitro. The host responses to the implant material are then 
assessed and correlated with the known characteristic of the materials used. Although this 
type of research has established some general trends to better assess biocompatibility and 
has led to the identification of more biocompatible materials for implant applications, 
none of the materials and predictable trends so far has shown long term sustainability 
with the absence of undesirable biological responses. The second approach to address the 
biocompatibility problem related to protein adsorption involves fundamental studies to 
establish a submolecular level understanding of the driving forces and mechanisms that 
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govern the interactions of proteins with implanted biomaterial such that surfaces can be 
designed to control protein adsorption behavior. My proposed work in this dissertation is 
primarily focused on the second type of approach to study the basic mechanisms that 
govern the adsorption behavior of proteins towards the goal of developing an 
understanding of the cause–and–effect relationships that determine the bioactive state of 
adsorbed proteins and how this then influences biological response. 
 
2.4. Thermodynamic Approach of Protein Adsorption Behavior  
 Thermodynamic studies of protein adsorption attempt to quantitatively describe 
the overall energy in the system and the forces and sub–processes that contribute to it. 
From a thermodynamic point of view, the process of protein adsorption, at constant 
temperature and pressure, will only occur spontaneously if 
 
0 adsadsads STHG      (2–1) 
 
where ΔGads, ΔHads, and ΔSads represent the change in Gibbs free energy, enthalpy, and 
entropy of the system, respectively, and T is absolute temperature.27  
 Determination of the Gibbs free energy change for the system will therefore predict 
whether or not the reaction will spontaneously occur. Hence, when taking a thermodynamic 
approach to study protein adsorption behavior, evaluation of the change in free energy that 
occurs during adsorption provides the fundamental basis for analyzing the nature of the driving 
force for the reaction. There are different types of secondary bonding interactions that influence 
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the thermodynamics of how a protein adsorbs17: (i) electrostatic interactions between the 
peptide residues and the adsorbent surface, (ii) van der Waals interactions between the peptide 
residues and the adsorbent surface, (iii) solvation effects (e.g., hydrophobic or dehydration 
interactions), and (iv) structural rearrangements of proteins during the adsorption process.  The 
thermodynamic contributions of each of these types of interactions must be understood to 
provide an overall understanding of protein adsorption behavior.  
 
2.4.1 Thermodynamic Parameters to Quantitatively Address Protein Adsorption 
Behavior 
 As expressed in eqn. (2-1) above, the change in free energy that occurs during a 
protein adsorption process are due to either changes in enthalpy or entropy, or both.  It 
has been proposed28-29 that the major contribution to the entropy change associated with 
protein adsorption is due either to the process of dehydration (for uncharged surfaces) or 
to the process involving removing the electrical double layer (for charged surfaces).17 In 
the case of charged surfaces, the charged functional groups on proteins and solid surfaces 
in aqueous solution environments are neutralized by counter–ions, leading to the 
formation of the electrical double layer. When a protein adsorbs to a charged surface, 
counter-ions over the surface are displaced to the bulk solution, resulting in an increase in 
the entropy of the system. Enthalpic effects that influence protein adsorption are due to 
hydrogen bonding or the formation of donor–acceptor coordination bonds between the 
protein and surface. In addition, structural rearrangements of a protein or polypeptide 
upon adsorption can also contribute to the enthalpy change term. For example, Norde et 
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al.9, 30 have demonstrated that proteins of high thermal stability have smaller changes in 
their native structure during the adsorption process, leading to smaller changes in the 
endothermic heat of the system. Also, data reported by Lin et al.17 have revealed that 
unfavorable protein–protein interactions result in an increase of the enthalpy change with 
the amount of bound protein. The protein adsorption models developed by Norde et al.30 
express the overall heat of adsorption as the sum of enthalpies, ΔHads, of five sub–
processes: 
 
 ticelectrostaadsionadsHadshydrationadsstructureadsads HHHHHH                (2–2) 
 
where ΔHads–structure is the enthalpy of adsorption due to structural changes in the protein, 
ΔHads–hydration is the enthalpy change due to changes in hydration of the interface, ΔHads–H+ is 
the enthalpy change due to dissociation of protons from charged residues on the protein or 
adsorbent surface, ΔHads–ions is the enthalpy change due to incorporation of ions into the 
adsorbed layer, and ΔHads–electrostatic is the enthalpy change due to electrostatic contributions, 
the overlap of electric fields between the protein and the surface and lateral interactions 
between proteins on the surface. Of course, a similar breakdown can also be written for the 
entropic contributions for protein adsorption (i.e., contributions of –TS for each separate 
component of adsorption), with the combination of the two representing changes in free 
energy.  
 Based on the examples mentioned above, a thermodynamic analysis is proposed to 
provide the quantitative relationships to address protein adsorption behavior depending on 
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the magnitude and sign of these thermodynamic parameters, i.e. ΔGads, ΔHads and –TΔ
Sads. However, although these thermodynamic parameters provide an approach for 
addressing protein adsorption behavior in a quantitative manner, their usefulness is 
limited by the lack of experimental methods that are available determine these parameters 
and the lack of the ability to associate these types of factors to specific molecular events.  
 
2.4.2 Critical Concerns about Approaching Thermodynamic Parameters  
 For a reversible adsorption process, both of Δ Gads and Δ Hads can be 
experimentally determined and Δ Sads can be estimated from equation (2–1). 
Traditionally, the approach to determine the Gibbs free energy change for a given process 
is based on measuring adsorption isotherms and the enthalpy change is usually attained 
by one of two methods, indirectly by van’t Hoff analysis from corresponding isotherm 
adsorption data or directly from microcalorimetry.  The critical problem with the 
application of this type of thermodynamic approach is the issue of whether or not protein 
adsorption occurs as a reversible process. 
 For an irreversible adsorption process, Δ Hads can still be experimentally 
measured directly by microcalorimetry. ΔGads and ΔSads, however, are much more 
difficult terms to quantify. If the issue of adsorption reversibility versus irreversibility is 
ignored and a reversible thermodynamic analysis is applied to calculate thermodynamic 
properties from irreversible protein adsorption data, the results will provide erroneous 
values that should not be trusted to appropriately represent the adsorption process.  In the 
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following section, the question of whether or not protein adsorption can be considered to 
be a reversible process is addressed.   
 
2.4.3. Reversibility of the Protein Adsorption Process31 
 Reversibility is commonly observed for the adsorption of small, monomeric 
molecules. For a protein adsorption process, this condition can be represented as a 
reaction process in the form of: 
 
 
where, P, S, and P·S represents protein, surface adsorption sites, and the protein adsorbed 
on the surface sites, and kf and kr are the forward and reverse reaction rates.  
Under equilibrium conditions, the following equations can be written to describe 




   , )( 0.1  withand 0.1  whereconditions ideal Assuming
.
)/(
   thusand  0,  m,equilibriuat 

























































          (2–3) 
where a,  and x are the activity, the activity coefficient and molar fraction of 
corresponding subscripts, P, S, and P·S representing protein, surface adsorption sites, and 
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the protein adsorbed on the surface sites, respectively, Cp is the concentration of the peptide, 
superscript “o” designates standard state conditions, and Keq is the equilibrium constant for 
the protein-surface interaction expressed above, q is the excess amount of protein adsorbed 
to surface sites and Q is the amount of protein adsorbed at surface saturation. 
Based on these relationships, an adsorption isotherm can be defined, which 
represents the amount of protein adsorbed to a surface as a function of the solution 
concentration of the protein over the surface at thermodynamic equilibrium. The 
equilibrium constant, Keq, which represents the distribution of the adsorbate (e.g., a 
protein) between the adsorbent surface and the bulk solution, can be experimentally 
measured and related to the Gibbs free energy change of adsorption under standard state 
conditions by: 
eqads
o KRTG ln                 (2–4) 
where R is the universal gas constant and T is absolute temperature. The changes in the 
standard state of the entropy and the enthalpy of adsorption can then be evaluated from 




















Kd adsoeq       (2–6) 
 From equation (2–5), a plot of the natural logarithm of the equilibrium constant, 
Keq, versus the reciprocal temperature gives a straight line. The slope of the line is equal 
to the negative value of the standard enthalpy change divided by the gas constant, ΔHoads 
/R, and the intercept is equal to the standard state entropy change divided by the gas 
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constant, ΔSoads /R. Differentiation of this expression yields the van 't Hoff equation, 
equation (2–6). 
 For proteins adsorbed through various functional groups of the amino acid 
segments making up the protein to an adsorbent surface, the fractions of amino acid 
residues in direct contact with the surface is typically of the order of 5–20% depending 
on the mass of protein involved, thus involving 50–200 amino acid residues for a medium 
sized protein with a 100,000 Da molar mass. Given this situation, even if the contribution 
to ΔGoads from each contact was no more than −0.6 kcal/mol (which represents an 
interaction much weaker than that provided by a single hydrogen bond), the combined 
change in free energy still adds up to a total driving force of −30 ~ −100 kcal/mol. Per 
equations (2−3) and (2−4), for the case where ΔGoads = −30 kcal/mol at room temperature 
(298 K), the equilibrium constant becomes 5.2 × 1021, which represents the ratio of the 
rate of adsorption to the rate of desorption per equation (2–3) above. To put this into 
perspective, this means that the number of protein molecules that adsorb in 1.0 seconds 
would require 5.2 × 1021 sec = 1.6 × 1014 years to desorb. Hence, even the complete 
dilution of the protein solution, which provides an entropic driving force for desorption, 
will not cause the protein molecules to desorbed from the surface to any measureable 
extent and protein adsorption can be generally considered to be an irreversible process.27  
 
2.4.4. Adsorption Models and Relationships to Fit Adsorption Isotherms 
 Adsorption isotherms are the presentations of adsorption data at constant temperature, 
in which the amount of adsorbed protein is plotted against the protein concentration in 
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solution under equilibrium conditions. The theoretical treatment of the adsorption of a solute 
from solution onto a solid surface has been well developed in terms of adsorption processes 
under different possible types of adsorption isotherms. Each of the methods that have been 
developed requires that specific conditions be satisfied in order to determine the associated 
thermodynamic parameters correctly. Fully determined isotherms can provide a convenient 
method to judge whether an adsorption process can be treated as reversible or not. For 
reversible adsorption, the ascending branch (i.e., change in adsorbed amount as solution 
concentration is increased) and the descending branch (i.e., change in adsorbed amount as 
solution concentration is decreased) of an isotherm must coincide at all values of the protein 
solution concentration, with the amount of solute adsorbed to the surface re–equilibrating to 
the associated bulk solution concentration each time it is changed.27 
 Even for the situation of reversible adsorption and bulk solution–surface 
equilibrium, there is another limitation for the application of a thermodynamic approach 
using the adsorption isotherm methods that stems from protein–protein interactions.32 An 
analysis of protein–surface interactions is most usefully carried out at low surface 
coverage and performed in terms of equilibrium thermodynamics, with the adsorption 
equilibrium constant, Keq, being equal to the ratio of Cs/Cb (assuming ideal behavior), 
where Cs and Cb denote the surface and bulk concentrations of the solute, respectively. 
The parameter Keq obeys Henry’s law in this condition if the solute molecules adsorb as 
isolated molecules on the surface that are sufficiently separated such to not interact with 
one another on the surface. However, at higher surface coverage, the finite amount of 
surface area remaining available for further adsorption comes into play under a system 
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that exhibits monolayer coverage. In this case, Cs can no longer increase linearly with 
increasing Cb, but tends to exhibit asymptotic behavior as the surface becomes saturated 
with the adsorbed solute. If the adsorption of the solute becomes substantially influenced 
by solute–solute interactions as surface coverage increases, the shape of the adsorption 
isotherm can be severely skewed, thus resulting in erroneous calculated values of ΔGoads. 
In order to minimize effects from solute–solute interactions at the surface, ideally the 
value of the equilibrium constant, Keq, should be determined as the initial slope in the 
linear region of the adsorption isotherm, which represents infinite dilution conditions that 
correspond to a situation where the solute adsorbs as individual molecules with a very 
low probability of interacting with other solutes at the surface. Unfortunately, this 
requires the measurement of adsorption events for solution concentrations that typically 
extend well below the detection limit of most traditionally available instruments. 
Different adsorption models and relationships of protein–surface equilibrium have been 
developed in attempt to properly account for these effects and limitations to study protein 
adsorption processes.  
 Norde and Lyklema have shown an approach to describe experimental trends that 
characterize protein adsorption behavior with the aid of adjustable parameters.27 In their 
method, the protein, adsorbent, solvent, and ions are incorporated in the model system, 
and the effects of electrostatics, hydration, structural rearrangements, and transfer of 
hydrogen and other ions are represented. The free energy of each term can contribute to 
the overall free energy of adsorption. However, uncertainties in each parameter of each 
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term raise substantial concerns regarding the accuracy of the overall change in free 
energy that can be determined by this method. 
 Other less complicated adsorption models have also been developed to characterize 
protein adsorption processes, but at the expense of possibly neglecting some important 
effects. Boardman and Partridge presented a stoichiometric displacement model (SDM) in 
which adsorption occurs as a protein displaces one or more ions on the adsorbate by a strict 
ion–exchange process.32 The essential result of this model is a linear dependence of log(K) 
on the logarithm of ionic strength, with the negative slope of the plot given by the net 
charge or number of binding sites on the protein. This model, however, is limited to 
electrostatically dominated systems, and because the slope parameter does not depend upon 
adsorbent properties it is not useful for scale–up to larger systems.32  
 Colloidal models to describe protein adsorption processes are more amenable to the 
inclusion of protein properties such as size and charge.32 In this case, the protein molecule 
is described as a sphere of radius R and net charge q. In general, the model predicts that the 
charges on the protein and on the surface determine the sensitivity of the change in the 
equilibrium constant. The benefit of this approach is that most of the parameter values can 
be readily specified as constants for a given system. However, the effects of the 
discreteness of charge, the adsorbate geometry, and neglect of hydration effects provide 
sources of uncertainty with this method.  
 Another approach to characterize protein adsorption processes involves the 
calculation of the change in Gibbs free energy of adhesion (ΔGadh) by using the reversible 
thermodynamic results described by the Dupre equation,33 which defines the free energy 
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change from protein adhesion as the reversible work of forming a protein–sorbent 
interface (γsp) at the expense of sorbent–solution (γsw), and the protein–solution interface 
(γpw). However, it is still not clear how ΔGadh relates to ΔGads in this case since the later 
term also is influenced by the structural rearrangement in the protein during adsorption, 
which is not accounted for in the Dupre equation.  
 Some most commonly used adsorption models to describe protein adsorption 
behaviors are the Langmuir adsorption isotherm,34 the modified Langmuir model,35-38 and 
related equations39-41 based on similar principles (such as the Scatchard equation). The 
Langmuir isotherm for the adsorption of a solute from a liquid solution was initially 
developed from the corresponding isotherm of gas–solid adsorption and was later derived 







                   (2–7) 
 
where q represents the amount of adsorbed protein on sorbent surface, Q represents the 
maximum equilibrium adsorption capacity, kd represents the dissociation equilibrium 
constant of protein from the adsorbate surface (i.e., kd = Keq
–1), and C represents the 
protein concentration in bulk solution (i.e., Cb). All of these types of derivations are based 
on a few common assumptions; namely, (i) all binding sites are equivalent, 
distinguishable and independent, (ii) each binding site combines with only one solute 
molecule, (iii) a molecule adsorbed onto one binding site does not influence the 
 23
adsorption of another molecule on a neighboring binding site, and (iv) the adsorption 
process is fully reversible. The Langmuir isotherm has been widely accepted as a 
practical method for generating experimental data to characterize protein adsorption 
processes. However, in the case of protein adsorption, some of the above assumptions are 
generally not valid due to factors such as: (i) the presence of multiple–site binding for 
proteins, which often results in irreversible adsorption, (ii) the heterogeneous nature of 
most solid surfaces, and (iii) lateral and other cooperative protein–protein interactions 
that occur between neighboring protein molecules on the surface.37 Because of these 
limits, some have proposed modification of the Langmuir model with semi–experimental 
or experimental parameters to incorporate effects that are specific to protein adsorption 
behavior.39-42  
 In addition to the Langmuir model, there are still some other traditional models 
that have been applied to characterize adsorption processes,35, 37-38 such as Freundlich, 
Langmuir–Freundlich, and Tempkin methods. However, each of these is comparatively 
more complex or less rigorous in its theoretical background than the Langmuir model, 
which makes them less popular for application to the issue of protein adsorption. For 
example, the Tempkin isotherm is a model that was originally developed for gas 
adsorption to heterogenous surfaces. This model assumes that the adsorption is 
characterized by a uniform distribution of binding energy, which is certainly not the case 
for protein adsorption behavior. The Freundlich equation, on the other hand, proposes an 
empirical relationship whereby it is assumed that the adsorption energy of a protein 
binding to a site on an adsorbent surface depends on whether or not the adjacent sites are 
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already occupied. One limitation of this model is that the amount of adsorbed solute 
increases indefinitely with the concentration of solute in the solution, which also does not 
represent typical protein adsorption behavior.  
 In addition to adsorption models, extra thermodynamic relationships (ERs)17 are 
also commonly used to fit experimental adsorption data to extrapolate corresponding 
thermodynamic parameters for protein adsorption process. ERs represent sets of 
empirical correlations of thermodynamic parameters associated with solute behavior in 
solution at liquid–solid interfaces that are outside the formal thermodynamic treatment of 
adsorption processes. These relationships include linear free energy relationships, group 
molecular parameters, and enthalpy–entropy compensation. 
 Linear free energy relationships (LFERs) are based on the assumption that the 
free energy of a process can be represented as the sum of free energy increments 
attributed to the various structural elements of the substance(s) involved. This 
relationship can also be used to evaluate group contributions of particular structural 
elements, such as the relative hydrophobicity of amino acid side chains in different 
solvent or adsorbent environments, or structural features to their respective 
thermodynamic quantities for processes involving hydrophobic interactions. As a 
consequence, these thermodynamic parameters can be expressed in terms of nonpolar 
surface area of the relevant set of structurally related substances.43-44 With homologous 
substances (e.g., glycine, alanine and leucine), the methylene groups are often the 
recurring elements. In the more general case of various amino acid side chains, each 
member will have a unique set of group molecular parameters depending on the chemical 
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nature of the interaction environment and this has lead to the different hydrophobicity 
scales as described by Wilce et al.45 
 Enthalpy–entropy compensation (EEC) is another important extra–thermodynamic 
relationships manifested by a linear dependence of the enthalpy on the corresponding 
entropy change when an experimental variable of the process under investigation is 
changed.46-47 Furthermore, EEC can be employed as a diagnostic tool in studies on the 
mechanistic classification of chemical reactions and equilibrium processes. Processes 
involving a group of structurally related substances exhibit compensation behavior when 
plots of enthalpy versus entropy are linear at a given temperature.48 The EEC 
characteristics of proteins or polypeptides on interaction with various ligands, solvents, and 
co–solvents have been extensively studied over the past few decades in order to gain 
insight into the origin of molecular recognition events, including the stabilization of protein 
conformation in the presence of various co–solvent additives. Under EEC conditions, the 
slope of the linear plot of the enthalpy change versus entropy change is called the 
compensation temperature, TC, which can be regarded as a process characteristic. Chemical 
reactions or equilibrium processes having similar TC values are considered to be 
fundamentally related and are called isokinetic or isoequilibrium processes, respectively.17 
Linear EEC conditions have commonly been evaluated for processes that exhibit linear 
Van’t Hoff plots with temperature–independent heat capacity changes. Although these 
thermodynamic relationships are pretty useful in some special cases when approaching 
adsorption processes, these relationships often rely on the untested assumptions for the 
targeted protein molecules, e,g., about independence of each amino acid residue making up 
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the protein, additivity of the thermodynamic parameters, averaged medium models of the 
environment, or ways to lump degree of freedom together.49 Whether these assumptions are 
good or poor then strongly depends on the magnitude of error that can be accepted for the 
corresponding thermodynamic parameters that are being estimated. Unfortunately, the 
degree of experimental errors involved in this type of approach is uncertain and probably 
too high at this moment to provide the ability to find useful or meaningful thermodynamic 
relationship for protein adsorption studies.49    
 
2.5. Experimental Improvements to Study Protein Adsorption Thermodynamically 
 To suit the requirements to properly characterize protein adsorption to solid 
surface through thermodynamic approaches, several experimental techniques have been 
developed including (i) real–time and label-free instrumentation to measure the amount 
of adsorbed proteins with a great deal of precision and accuracy, (ii) synthetic peptide 
sequence design to provide fundamental information about amino acid residue–surface 
interaction and also avoid the complexity of protein conformational change during the 
adsorption process, and (iii) engineering of adsorbent surface chemistry for creating 
model surfaces for protein adsorption studies with uniform surface functionalities. The 
current state-of-the-art for each of these experimental techniques is summarized in the 





2.5.1. Advanced Instrumentations  
 Several advanced instruments have been developed to study protein and peptide 
adsorption behavior including circular dichroism (CD) spectropolarimetry to gain 
information about the configurational alterations of the secondary structure of 
biomolecules following adsorption50 and atomic force microscopy (AFM) to provide 
mechanistic aspects including images of adsorbed protein molecules or measurements of 
the forces involved in protein desorption processes.51 In addition, radiolabeling,52-53 
FTIR/ATR,54 ellipsometry,55-57 quartz crystal microgravimetry (QCM),58-59 and surface 
plasmon resonance spectroscopy (SPR)37, 60-63 methods have been developed to measure 
the amount of adsorbed proteins at a solid–liquid interface, and isothermal titration 
calorimetry (ITC) to directly determine the enthalpy change upon protein adsorption17. 
Among these methods, SPR is one of the most sensitive and directly applicable methods 
to characterize adsorption/desorption behavior, to determine whether a given adsorption 
process is reversible or not, and, if so, to determine the adsorption free energy of the 
process from the resulting adsorption isotherm. The following paragraphs provide a brief 
comparison between the different techniques that could be used to determine 
thermodynamic parameters associated with protein adsorption to solid surfaces.  
 Labeling techniques have widely been used for biomolecule adsorption studies, 
with fluorescent or radioactive molecules typically being used as the labeling agent. 
Enzyme–Linked Immuno Sorbent Assay (ELISA), an immunological method based on 
the formation of a complex among the protein, the antigen, and a highly specific antibody, 
is commonly used for assessing adsorption phenomena.52 Another labeling technique 
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capable to investigate the thermodynamics and kinetics during adsorption is total internal 
reflection fluorescence (TIRF)54. In this case, the fluorescent moiety of the labeled 
proteins is excited by an evanescent light wave at the solution–surface interface, created 
by a light beam incident at a certain angle. Because of the decay of the evanescent wave, 
the focus of detection is primarily limited to the interface between protein and adsorbent 
surface, thus minimizing the influence of the bulk solution on the TIRF signal. For dilute 
solutions, TIRF is sensitive only to adsorbed proteins, and the kinetics of the adsorption 
can be measured by detecting the fluorescence of the surface.  
 In addition to TIRF, another fluorescence–based detection method called FRET 
(Förster resonance energy transfer) is also a useful tool to quantify molecular dynamics in 
biophysics and biochemistry, such as protein–protein interactions, protein–DNA 
interactions, and protein conformational changes. FRET can be used to monitor the 
complex formation between two molecules by labeling one of them with a donor and the 
other with an acceptor and then mixing these fluorophore–labeled molecules together. 
FRET is based on the direct transfer of energy from one molecule to another, which can 
only occur over very small distances (1~10nm). Energy transfer is demonstrated by 
quenching of donor fluorescence together with a reduction in the fluorescence lifetime, 
and an increase in acceptor fluorescence emission. Thus it provides a direct means of 
quantifying molecular interactions.53 While labeling techniques can be quite sensitive, 
they have certain limitations. The most pronounced limitation is that labeling of protein 
molecules has the risk of altering the conformation and function of the protein and 
thereby its adsorption behavior. Furthermore, to get the exact adsorbed amount, 
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complicated calibration runs are necessary, and, if high protein concentrations are used, 
the signal from biomolecules in solution must be known and subtracted from the 
measured signal to find the adsorbed surface concentration. 
 Because of the limitations of labeling technique to determine thermodynamic 
parameters associated with the adsorption process, label-free methods, e.g., ellipsometry, 
quartz crystal microbalance (QCM), surface plasmon resonance (SPR) spectroscopy, 
microcalorimetry, and scanning probe microscopy have been proposed as better 
alternatives for investigating protein adsorption behavior.   
 The physical change basis of both ellipsometry55-56 and reflectometry64 is the 
change in the polarization state of light on reflection at an interface. When proteins 
adsorb on the surface, the dielectric properties of the interface change, and, hence, the 
polarization state of the light changes. The change in polarization state can be related 
mathematically to the thickness (k) and refractive index (n) of the adsorbed layer. These 
parameters along with the change in the refractive index per unit protein concentration 
can be used to calculate the mass per unit area of the protein adsorbed on the substrate. 
The advantage of using ellipsometry (and reflectometry) is that the thickness of the 
adsorbed layer, the adsorption kinetics, and the amount of adsorbed biomolecules on a 
substrate can be investigated. These methods, however, do not provide any information 
on the structure or chemical composition of the adsorbed layer, and hence these methods 
are commonly used in combination with fluorescence labeling, especially TIRF.65  
 QCM is a mass–sensing device based on the piezoelectric behavior of a crystal. 
QCM is capable of measuring very small mass changes on a quartz crystal resonator in 
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real–time. The sensitivity of the QCM is 0.1 μg, approximately 100 times higher than an 
electronic fine balance. As such, QCMs can measure mass changes as small as a fraction of 
a monolayer of molecules. The high sensitivity and the real–time monitoring of mass 
changes on the sensor crystal make QCM an attractive technique for various biochemistry 
applications. However, the comparative studies of protein adsorption using QCM and other 
optical techniques, such as ellipsometry and SPR, have shown that the mass values 
measured by QCM generally are larger than those measured by the optical techniques 
because the frequency change in liquid QCM is sensitive to both protein adsorption and 
water molecules that bind or couple hydrodynamically to adsorbed protein. This 
complicates the data analysis when measuring the adsorbed amount of protein mass to the 
surface and makes it difficult to accurately determine thermodynamic parameters for the 
adsorption process.58-59 
 SPR is another optical technique that measures changes in the refractive index of 
the medium near a metal surface. Like ellipsometry or QCM, SPR can be used to quantify 
protein adsorption at a solid surface. The SPR phenomenon is very sensitive to changes of 
the refractive index near the surface. Because the refractive index (n) of a protein (n = 1.4 ~ 
1.6) differs from that of pure water (n = 1.33), SPR is able to detect protein adsorption at 
the interface between an SPR sensor chip and an aqueous protein solution placed over the 
surface (within approximately one–half the wavelength of the incident light; typically about 
200~300 nm)66. When a light beam hits a metal film at a given angle when the metal film is 
immersed in a solution, a surface plasmon wave is created along the surface of the metal 
film which has a frequency that is related to the incidence angle of the light. The resonant 
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frequency of the plasmon wave is dependent on the refractive index of the fluid within a 
couple hundred nanometers of the surface of the film, which is in turn directly influenced 
by the concentration of solute in this region over the surface. When the incidence angle of 
the light induces a plasmon wave at its resonant frequency, the resonance results in the light 
being strongly adsorbed such that the intensity of the reflected light exhibits a minimum. 
This phenomenon thus provides a means of measuring the real–time adsorption behavior of 
a surface by monitoring the change in the angle of light with maximum absorbance since 
this will be directly related to the amount of solute adsorbed to the surface. In an SPR 
experiment, the change in the angle of maximum absorbance is monitored as a solute is 
passed over the surface, which is then correlated with the amount of solute adsorbed to the 
surface per unit surface area as a function of time, with the change in the SPR angle shift 
represented in RU units (0.1 degree of SPR angular shift = 1,000 RU). The protein 
adsorption experiment begins with the buffer in contact with the surface and then the 
protein solution is passed over the surface. At the point when the solute molecules reach the 
surface (generally by diffusion) and begin to adsorb or bind to the surface, the angle of 
maximum light absorbance increases in a manner that is directly proportional to the amount 
of solute adsorbed. After the peptide adsorption process reaches equilibrium, as designated 
by a plateau in the SPR signal versus time, a pure buffer wash is performed to desorb the 
solute, with desorption then measured as the decrease in the RU response. The use of a 
flow cell where the solution is flowed over the surface greatly reduces the time needed to 
equilibrate the system, with an adsorption experiment being able to be completed within 
specific time period. Analysis of the resulting adsorption profile provides information about 
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the kinetics and thermodynamics of the adsorption process, with the determination of 
thermodynamic properties requiring that that adsorption process is reversible with 
negligible solute-solute interactions influencing the shape of the isotherm. 
 Surface plasmon resonance sensing has been regarded as a powerful and 
quantitative probe by many research groups for measuring the energetics and kinetics of 
biomolecular interactions.67-69 Since most of the advantages of SPR have been recognized 
for many years, I will limit my discussion of the application of this method to recent studies 
involving protein adsorption on SAMs70 and polymer films.37, 71-72 Li et al., 2004, 
performed SPR measurements to determine thermodynamic adsorption properties between 
fibronectin adhesion–promoting synthetic peptide and surface-confined poly(2–
vinylpyridine) nanolayers at 15, 20, and 25 °C.61 The nanolayers were grown by surface–
initiated atom transfer radical polymerization (ATRP) from gold substrates. Vernekar and 
Latour, 2005, used SPR to measure the adsorption free energies of individual peptide 
residues on functionalized SAMs on gold using a host–guest peptide system of the form 
G4–G–G4 and G4–K–G4.
1 Free energies of adsorption were measured for these peptides on 
hydroxyl– and carboxyl–funtionalized SAM surfaces in order to study the effects of single 
mid–chain residue substitutions. SPR was also used by Sarikaya, et al. to study the 
adsorption behavior of genetically engineered peptides on inorganic material substrates 
(GEPIs), which are developed from phage display technology. The peptide–inorganic 
surface interactions were measured using SPR and quartz crystal microbalance methods, 
with the adsorption behavior characterized by calculating the standard Gibbs free energy of 
the adsorption process. The effects of conformational changes of the peptide were 
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examined by comparing the adsorption behavior of linear versus cyclic structures produced 
from the same sequence of amino acid residues. The cyclic structures were made by adding 
cysteines at each end of the linear peptide chain, which then was able to form a disulfide 
cross–link to obtain a cyclic structure. Husson, et al. recently studied the adsorption 
thermodynamics of short chain peptides on charged and uncharged nano–thin polymer 
films by SPR.42 From their SPR data, they concluded that for short–chain biomolecules at 
low concentrations, where adsorption can be considered reversible, applying the principle 
of additivity to known submolecular–level interaction energies may allow predictive 
estimates for the adsorption energies of mixed–residue biomolecules. They also discussed 
the characterization of equilibrium protein adsorption properties by comparing different 
equilibrium isotherm models.37 With the assistance of SPR, the influence of several 
different parameters were studied including solution pH, polymer thickness, interacting 
time and adsorption capacity.  
 Although SPR is a powerful and useful technique for measuring peptide-surface 
and protein–surface interactions, its usefulness is limited to materials that can readily 
form nano–scale thick films on a metallic surface that can be used to generate an SPR 
signal due to the fact that the plasmon wave only extends a few hundred nm above the 
base metal surface of a SPR biosensor and exponentially decays with the distance from 
the surface.  Therefore, the resonance frequency of the plasmon wave will become very 
insensitive to adsorbed proteins for films that are thicker than about 100 nm.  Also, as 
with any adsorption isotherm-based technique, thermodynamic values can only be 
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determined from SPR experiments for systems exhibiting reversible adsorption behavior 
with minimal solute-solute interactions at the surface.  
 The enthalpy change upon protein adsorption, ΔHads, can be directly measured by 
microcalorimetry. This parameter represents the total bond energy absorbed or released 
when taking a mole of protein in its native conformation in solution to its perturbed steady–
state structure on the adsorbent surface. Therefore the sign and magnitude of ΔHads are 
governed by a competition between all of the energetic sub–processes that occur within the 
protein molecule and between the protein, adsorbent surface, and solution. These combined 
effects thus make it difficult to differentiate between enthalpic contributions due to the 
actual protein–surface interactions as opposed to structural changes within the protein itself 
and only the full adsorption enthalpy can be commonly analyzed. 
 Regarding the use of microcalorimetry to investigate adsorption-induced changes 
in a protein’s structure, the differential scanning micro–calorimetry method (micro–DSC) 
pioneered by Privalov has been used to quantify losses in ordered secondary structure of 
globular proteins upon adsorption to solids.33 The direct thermodynamic observables in 
the micro–DSC experiments are the enthalpy change, the denaturation temperature and 
the heat capacity change. The most advanced calorimetry method used now is called 
isothermal titration calorimetry (ITC). It is basically a microcalorimetric technique with 
the capacity for titration. It provides a more robust quantification of the adsorption 
enthalpy than can be achieved by van’t Hoff analysis. For example, the enthalpy changes 
derived from van’t Hoff plots of the titration data represent the average of a range of 
enthalpy values obtained at different temperatures with regard to polypeptide or protein 
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adsorption to different binding sites or in different binding orientations.17 Therefore, 
determination of the adsorption enthalpy directly by ITC at a single temperature and 
presentation of the data as a function of the amount of bound polypeptide or protein has 
its advantages. However, at this moment, comparatively lower sensitivity and the 
considerable amount of samples consumed in each titration are still the main limits to 
study protein adsorption behavior by microcalorimetry. 
 Scanning probe microscopy is another technique with potential to quantitatively 
characterize protein adsorption behavior, with application to study both reversible and 
irreversible adsorption process on any microscopically flat surface. Atomic force 
microscopy (AFM)51 is particular useful with its potential to yield images of adsorbed 
protein molecules while still in contact with the solvent solution and the ability to measure 
the force of interaction between a probe tip and features on a surface. AFM has recently 
been shown to provide the ability to measure the force involved in peptide desorption at a 
solid–liquid interface,73-76 which provides a possible way to obtain additional quantitative 
data that can be applied to better understand protein adsorption behavior. AFM, however, 
also has the drawback of data interpretation especially in extrapolating corresponding 
thermodynamic parameters such as adhesion energy due to questions regarding peptide 
probe–tip density or protein denaturation caused by forced movement of AFM tip.75, 77 
Thus further development for AFM studies is required to interpret the measured forces in 
terms of the underlying biophysics of the protein adsorption process and their relationship 
to thermodynamic properties of the system.  
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2.5.2 Synthetic Peptides  
 Synthetic peptides composed of user–defined sequences of amino acid residues 
are more and more commonly applied in protein-related research studies after the 
development of solid–phase peptide synthesis methods.78 The operational definition used 
to distinguish a peptide from a protein is that a peptide is any sequence that can be 
conveniently synthesized chemically, and most peptides’ synthesis generally involves 
peptides of 30 amino acid residues or less.79 As the result of their shorter length, and 
consequent fewer interactions with a surface, adsorption reversibility is more easily 
observed for peptides compared to proteins at a solid–liquid interface and the equilibrium 
constant for the resulting isotherm can be used to determine the Gibbs free energy change 
from equation (2–4).  
 Synthetic peptides are also very useful to mimic the functional activity of selected 
domains of a protein by studying the interactions between amino acid sequences of a 
peptide and the functional groups within a surface in an aqueous environment. For 
example, Sarikaya et al. and Serizawa et al. have performed a series of experiments to 
study the adsorption behavior of genetically engineered peptides (GEP) from phage 
display on various material substrates.80-85 These studies showed that different sequences 
of the 20 primary amino acids exhibit a unique fingerprint of interaction with different 
material surfaces. Peptide adsorption is also important in the study of peptide–lipid 
membrane interactions. White et al. have used pentapeptides models to study the partition 
free energy of unfolded polypeptides at cell membrane interfaces.86-87 These studies are 
being used to provide insight into the processes that influence cellular function. 
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 There are, however, also some problems79 encountered when applying synthetic 
peptide models because peptides are generally much more flexible and much less soluble 
than proteins. The greater flexibility of a small peptide compared to the same peptide 
sequence when it is contained within a larger protein structure can make it difficult to 
reproduce the functional behavior of a given peptide sequence contained within a protein 
when the same peptide is used as separate entity in solution. Therefore, if the secondary 
structure is important in a small peptide’s design, it may be necessary to chemically 
modify the peptide to decrease its conformational flexibility in a manner that more 
appropriately represents the motif of interest when presented by a protein. Also, since 
peptides are generally too small to be able to fold in such a way to shield hydrophobic 
regions from solvent exposure, they can tend to be sensitive to aggregation in aqueous 
solution, thus having higher possibility of insolubility. To minimize these problems when 
using a synthetic peptide model for the study of peptide–surface interactions, it is then 
necessary to understand how peptide design influences a peptide’s conformation and 
solubility in solution.  
 
2.5.2.2 Amino Acid Side Chain Chemistry 
 The physical and chemical properties of peptides are determined by the nature of 
the constituent amino acid side chains and by the peptide backbone itself. Hence the 
design considerations are dramatically based on side chains chemistry.  
 The 20 primary protein amino acids (coded for by DNA) generally can be divided 
into nonpolar, polar, and charged subgroups. Depending on the polarity of the side chain, 
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amino acids vary in their hydrophilic or hydrophobic character. The hydrophobic residues 
include those with aliphatic and aromatic side chains while the hydrophilic ones include 
amino acids with neutral, polar side chains, acidic side chains and basic side chains. 
However, not all of these categories are exclusive. For example, glycine has a simple 
nonpolar side chain (H) but is often classified as a hydrophilic amino acid since the 
hydrophobicity of this small side chain tends to be overwhelmed by the polar nature of the 
amine and carboxyl groups on either side of it. Conversely, the long alkyl chains of the 
positively charged amino acids (lysine and arginine) can give those residues hydrophobic 
character, with just the terminal charged group being hydrophilic.  
 Two amino acids, cysteine and proline, are often separately characterized because 
of their unique structural characteristics. Cysteine contains a thiol moiety that can be 
oxidatively coupled to another cysteine thiol to form a disulfide bond. Disulfides are the 
principle entities by which peptide chains are covalently linked together to stabilize 
secondary or tertiary structure or to hold two different peptide chains together. Although 
a disulfide bond is the most stable form of this amino acid residue under normal aerobic 
conditions, free thiols are also present in some proteins, where they often serve as ligands 
for metal chelation and as nucleophiles in proteolytic enzymes. The amino acid proline 
has unique conformation effects on the peptide backbone because of its cyclic structure 
(i.e., its side chain covalently links to the preceding amino group of the main chain) and 
because of the resulting alkylation of the amino group. It often plays an important role in 
stabilizing or influencing the secondary structure of proteins, such as collagen.  
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 Amino acid side chains interact with each other, the peptide backbone, and with 
bulk solvent through noncovalent interactions, such as hydrogen bonds and electrostatic 
and hydrophobic interactions. Cysteine also participates in side–chain covalent 
interactions, which results in disulfide bond formation. 
 In proteins, polar side chains tend to be extensively solvated. Acidic (Asp and Glu) 
and basic (Lys, Arg and His) residues generally are found on the protein surface with the 
charged ends of the side chains projecting into the bulk solvent, although the alkyl 
portion of the Lys and Arg side chains is usually buried. Internal charged residues are 
almost invariably involved in a salt bridge, where acidic and basic side chains are either 
directly bonded ionically to each other or connected by a single intermediary water 
molecule. Nonionic polar residues (Ser, Thr, Asn, Gln and Tyr) are also extensively 
hydrogen–bonded, either to bulk solvent, backbone, other side–chain groups, or to 
specifically bound water molecules88. In helices, the side chains of Ser, Thr, and Asn 
often make specific hydrogen bonds to the carbonyl oxygen of the third or fourth residue 
earlier in the sequence, which may help to stabilize helical segments89. In shorter peptides, 
side chain hydration occurs mostly through the bulk solvent although the ability to form 
low energy intra–molecular hydrogen bonded structures or salt bridges may be important 
factors in the association of peptides with macromolecular targets or receptors.  
 In contrast to hydrophilic side chains, hydrophobic side chains have strong tendency 
to avoid exposure to the aqueous environment. This effect is largely entropic, reflecting the 
unfavorable free energy of forming a water–hydrocarbon interface90. However, there are still 
some other specific interactions of hydrophobic side chains. These are typically induced 
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dipole–induced dipole interactions, known as van der Waals interactions90. Although these 
interactions are much weaker than the salt bridges and hydrogen bonds involving polar 
residues, they can be important in local secondary structures and protein interactions.79 For 
example, the π–π interaction caused by aromatic residues with inherent electron–rich π–cloud 
lying parallel to and above and below the plane of the aromatic ring and with positively 
polarized hydrogen atoms in the plane of the ring.  
 The hydrophobic contribution of amino acids has also been evaluated through 
various means. Examples include determination of the relative solubilities of free amino 
acids in water–ethanol and water–dioxane mixtures,91 the partition coefficients of amino acid 
in an octanol–water two–phase system,92 the retention of dansyl derivatized amino acids on 
hydrophobic interaction chromatography,60 the retention contribution of each amino acid 
througyh RP–C18,93 and the partial molar heat capacities of various peptides by scanning 
microcalorimetry to scale the hydrophobicity of the amino acid side chains based on the 
temperature dependences of their heat capacities.94 In order to study the possible 
mechanisms of hydrophobic interactions during protein adsorption, Ruaan, et al. designed 
short amino acid residue sequences and measured their adsorption enthalpy on surfaces 
by hydrophobic interaction chromatography.95 Through a thermodynamic approach, all 
these parameters can be attained from the retention factor from chromatography. The 
effect of side chain and alkyl chain length on the hydrophobic interactions was also 
studied. The adsorption enthalpy was further supported by microcalorimetric studies. 
According to their work, the number of repelled salt molecules was negligible in 
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hydrophobic interaction chromatography but the number of repelling water molecules 
was calculated and showed to play a significant role in the adsorption behavior.  
 The polyamide peptide backbone, which has a substantial double–bond character, is 
found in the carbon–nitrogen peptide bond due to its resonance structure. This behavior 
gives the amide bond several characteristics that are important in peptide structure. The 
amide bond is flat, with the carbonyl carbon, oxygen, nitrogen, and amide hydrogen all 
lying in the same plane. No free rotation occurs about the carbon–nitrogen bond because of 
its partial double bond character. The resonance structure also makes the amide bond quite 
polar with a significant dipole moment, which make the carbonyl oxygen a particularly 
good hydrogen–bond acceptor and the amide NH a particularly good hydrogen–bond donor. 
The polarity of the amide bond can also impart a net dipole to oriented structures 
containing peptide bonds, such as the helices. The overall dipole points from the carboxyl 
terminus (partially negative charged) to the amino terminus (partially positive charged) in a 
helix, which can be an important stabilization factor in protein secondary and tertiary 
structure as well as a contributor to catalytic activity in enzymes.96 
 
2.5.2.3. Conformational Constrains of Peptides 
 Compared to proteins, peptides of under about 15 amino acid residues in length 
may not exhibit a stable or even a preferred solution conformation (although there are 
still some exceptions). This is because there is generally too little hydrophobic character 
in a short peptide that can be sequestered from the polar environment by folding. The 
problem is most acute for peptides designed to mimic a portion of a protein structure. In 
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their native environment, these peptide sequences can rely on the protein’s structural 
rigidity to hold them in a particular conformation, while as free peptides they have no 
such constraining influence. Even for analogs of linear peptide hormones, which have 
evolved to express high biological activity despite conformational mobility, favorable 
conformational constraints can provide an appreciable increase in biological activity.   
 Conformational constraints can be divided into the three following categories: 
Local constraints involve restricting the conformational mobility of a single residue in a 
peptide; regional constraints are those that affect a group of residues that form some 
secondary structure unit; and global constraints involve the entire peptide structure. 
Peptides that are long enough to adopt stable solution conformation can have 
conformational preferences optimized globally by modifying the peptide sequence in 
accordance with the empirical rules of secondary structure prediction.97 Peptides that are 
too small to adopt stable conformations on their own require covalent modifications to 
introduce local or regional conformational constraints. These approaches typically involve 
the addition of sterically bulky substituents adjacent to a rotatable bond to restrict its 
mobility or the incorporation of cyclic structures. The simplest way to introduce a 
conformational constraint into a linear peptide is by cyclization through disulfide bond 
formation. Cyclization usually requires peptides of moderate length with cysteine residues 
at each end to adopt some sort of folded conformation consistent with bringing the two 
sulfur groups together to form the disulfide bond, but the exact nature of the conformations 
induced may not be predictable.    
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2.5.2.4. Solubility of Synthetic Peptides 
 Peptides are generally not long enough to allow the chain to configure itself in a 
manner to shield hydrophobic residues from the solvent. This occurrence contributes to 
the poor aqueous solubility of many peptides compared to a protein. Many peptides 
require the presence of strong organic co–solvents like dimethylsulfoxide (DMSO), or 
ethanol to achieve sufficient solubility for biological testing. Peptides that have 
substantial hydrophobic character also tend to aggregate with increasing concentration. 
Aqueous solubility generally increases with peptide length because of the peptide’s 
consequent ability to adopt stable secondary structures and to segregate nonpolar residues 
in a manner to minimize their exposure to water in an aqueous solution.79 
 Solubility is an important factor to consider when designing a peptide. The more 
hydrophobic residues in the sequence, the less soluble the peptide is. In contrast, charged 
residues increase the peptide solubility. For the general consideration of solubility of 
hydrophobic residues, it is better to reduce the number of very hydrophobic residues to 
less than 25%, or spread out the hydrophobic residues throughout the sequence, to avoid 
having more than five continuous hydrophobic residues in a row and to incorporate at 
least one charged residue for every 5 residues in the sequence.98 
 Because of the numerous different types of interactions involved, it is difficult to 
predict whether or not a given peptide sequence will be prone to aggregation. When a 
peptide does aggregate, it excludes water from around the peptide chains, thus making 
them difficult to dissolve.98 Beta–sheets, coiled–coils, the special backbone–backbone 
hydrogen bonding complexes that form in glycine–rich sequences are examples of 
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aggregation. Peptides with a high number of polar, but uncharged residues, are prone to 
form hydrogen bonded complexes, which can cause the formation of a gel instead of a true 
solution. Methods to prevent this type of intermolecular association include randomly 
distributing hydrogen bond–prone residues or otherwise minimizing the occurrence of these 
residues in regular patterns in the sequence.  
  In summary, because the macromolecular recognition and selectivity are essential 
features of most biological systems, it is critical and necessary to apply the specific 
considerations of peptide sequence designs for possible applications to modern protein 
related studies.  
 
2.5.3. Model Surfaces for Characterizing Peptide-Surface Interactions 
 The most direct approach to thermodynamically characterize protein adsorption 
behavior at a fundamental level is to greatly simplify the adsorption system through the 
use of designed small peptide models and homogeneous surfaces of well-defined surface 
chemistry. Alkanethiol self–assembled monolayers (SAMs) provide one of the most well 
characterized and easily controlled methods to change surface chemistry at the atomic 
level while maintaining constant morphological structure. SAMs thus provide an 
excellent platform to study how surface chemistry influences peptide and protein 





2.5.3.1 General Principles of SAMs 
 Alkanethiol SAMs on metals, particularly on Au, have attracted considerable 
attention due to their well defined structural characterization, ease of preparation, and 
spontaneous, stable formation of S–Au bonds. In general SAMs with different terminal 
groups can be easily prepared and this opens many avenues for their applications. 
Moreover, SAMs can be formed on objects of all sizes and with a variety of shapes, and not 
only on planar surfaces.99 In contrast to alkanethiol SAMs, silane–based SAMs have 
poorly–defined morphological structure, are prone to hydrolysis, and susceptible to 
polymerization, all of which contribute to a large degree of uncertainty regarding the actual 
physical and chemical structure of the surface. Therefore, alkanethiol SAMs are the 
preferred type of SAM system for studying peptide–surface interactions. 
 A thiol molecule consists of three parts: the sulfur head-group, the hydrocarbon 
chain (of variable length), and the terminal tail-group, which can have different 
functionalities. The energy related to each part of the molecule within a SAM structure 
has a different order of magnitude: 50~100 kcal/mol bond energy for the interaction 
between the S head and the substrate (a thiolate bond), 1~2 kcal/mol/per methylene group 
for the van der Waals interactions between hydrocarbon chains, and less than 1 kcal/mol 
for energies related to the functionalities of terminal groups.100 However, all three parts 
of the molecule contribute to the formation and stability structure and to the physical and 
chemical properties of the SAMs. 
 Several factors affect the quality of the thiolate SAMs formed on a gold surface in 
solution, including the crystallinity and the roughness of the gold substrate (as well as its 
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cleanliness), the nature of the adsorbate (e.g., the hydrocarbon chain length and the 
terminal group functionality), the temperature at which the thiol is adsorbed, the solvent 
used (ethanol, methanol, toluene, hexane, water, etc.), the immersion time, and the 
concentration of adsorbate.101-102 Because of the above mentioned factors, the idea of a 
perfect self–assembled monolayer is far from reality, due to the existence of different 
types of unavoidable defects that will arise (e.g., vacancies, inclusions, step faults, grain 
boundaries) for any method that is used.103-104  
 Alkanethiol SAMs are particularly advantageous for electrochemical, SPR, and 
QCM sensors which use a gold base for the biosensor element upon which alkanethiol 
SAM structures readily form. Modifying a sensor surface with SAMs generates a model 
system with a specific property or function. The common reason to use SAMs is because 
of the following considerations: (i) the alkanethiols form easy–to–manufacture, pinhole–
free, and stable monolayers from dilute solutions, thus ensuring a uniform immobilization 
surface, (ii) SAMs shield biological substances from the sensor surface, preventing 
possible denaturation (assuming the SAM itself does not cause denaturing), (iii) 
contamination of metal surfaces impairs analysis and has to be avoided, and (iv) the 
monolayer can be tailored with a wide range of functional terminal groups to vary the 
surface chemistry. This last feature makes alkanethiol SAMs particularly suitable as 





2.6. Concluding Remarks 
 Through this thorough literature review, it is obvious that the currently available 
experimental methods to study and thermodynamically characterize protein adsorption 
behavior are still quite limited. In order to understand and quantitatively describe protein 
adsorption processes accurately, new and improved experimental methods are needed. The 
complicated structure of whole proteins and their tendency to adsorb in an irreversible 
manner makes it prohibitively difficult to quantitatively extract thermodynamic parameters 
directly from protein adsorption experiments and to understand the fundamental factors that 
govern this type of molecular behavior. From this perspective, it is obvious that simpler 
approaches are needed to isolate individual contributions that influence protein adsorption 
behavior that can be used to then begin to understand the factors that influence overall 
protein adsorption behavior. For example, small reversibly adsorbing non–structured 
peptides could be used to isolate and investigate individual free energy contributions for the 
interactions between individual amino acid residues and surface functional groups. We 
believe that this type of approach holds great potential to provide a basis for then beginning 
to understand overall protein adsorption behavior at a more fundamental level based on the 
adsorption behavior of the individual amino acids residues that make up a protein’s 
structure. The successful development of a model system for the characterization of the 
adsorption behavior of amino acid residues using small peptides will then provide 
insights into the fundamental adsorption behavior of proteins.  Just as importantly, these 
methods can then be used to provide a benchmark data set for the evaluation, adjustment, 
and validation of force field parameters for the development of molecular simulation 
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methods to enable protein–surface interactions to be accurately simulated and predicted. 
The ability to accurately predict protein adsorption behavior as a function of surface 
chemistry is recognized as a critical need in the biomaterials field in order to provide the 
capability to design biomaterial surfaces to control the bioactive state of adsorbed 
proteins and thereby direct cellular responses for improved biocompatibility for many 







3.1. Aim 1. Develop an Adsorption Model to Determine Goads for Peptide 
Adsorption Behavior by SPR 
 Since the objective of this study was to develop a reliable method to determine the 
Goads of peptide–biomaterial surface interactions, this will be accomplished by first 
modifying the existing thermodynamic equations to develop an adsorption model that is 
suitable for SPR to determine the Goads. Two problems are commonly encountered 
when using SPR for peptide adsorption studies:106 the need to account for “bulk–shift” 
effects and the influence of peptide–peptide interactions at the surface. Bulk–shift effects 
represent the contribution of the bulk solute concentration on the SPR response that 
occurs in addition to the response due to adsorption. Peptide–peptide interactions on the 
surface, which are assumed to be zero for Langmuir adsorption, can greatly skew the 
isotherm shape and result in erroneous calculated values of Goads.  
 To address these issues, the adsorption model from Aim 1 will be developed from 
chemical potential equations for thermodynamic equilibrium. Experimental methods will 
also be developed that will enable bulk–shift effects to be directly determined from the 
raw SPR vs. peptide concentration data plots and the influence of peptide–peptide 
interaction effects to be minimized, thus providing a very straightforward and accurate 
method for the determination of Goads for peptide adsorption from SPR.  
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3.2. Aim 2. Generate a Database of Experimentally Measured Goads Values for a 
Wide Variety of Amino Acid Residue/Surface Interactions by SPR 
 From Aim 1, we will develop new experimental methods for the characterization 
of peptide adsorption behavior that will enable Goads to be determined using SPR 
spectroscopy in a manner that minimizes the effects of peptide–peptide interactions at the 
adsorbent surface and provides a direct means of determining bulk shift effects. In Aim 2, 
we will then apply these methods to characterize the adsorption behavior of a large series 
of 108 different peptide–SAM systems involving 12 different zwitterionic host–guest 
peptides (TGTG–X–GTGT with X = V, A, G, L, F, W, K, R, D, S, T and N; charged N 
and C termini) on nine different self–assembled monolayer (SAM) surfaces (SAM–Y 
with Y=CH3, OH, NH2, COOH, OC6H5, (EG)3OH, NHCOCH3, OCH2CF3 and COOCH3). 
These surface functional groups were selected to represent common functional groups 
contained in organic polymeric biomaterials.  
 
3.3. Aim 3. Investigate the Correlation between Desorption Force Measured by Atomic 
Force Microscopy (AFM) and Goads by SPR for Peptide/Surface Interactions 
 Although SPR is a useful technique for measuring peptide–surface interactions, its 
usefulness is limited to materials that can form nanoscale–thick films on a metallic surface that 
can be used to generate an SPR signal. AFM, on the other hand, can be used with any 
microscopically flat surface, thus making it much more versatile for studying peptide–surface 
interactions. AFM, however, has the drawback of data interpretation due to questions regarding 
peptide probe–tip density. This problem can be overcome if results from a standardized AFM 
protocol could be correlated with SPR results for a similar set of peptide–surface interactions so 
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that AFM studies using the standardized method could be extended to characterize peptide–
surface interactions for surfaces that are not amenable for characterization by SPR. The 3rd aim 
of our studies will be to conduct AFM studies to measure peptide–surface desorption forces for a 
similar set of peptide–surface systems for which Goads values are available from SPR 
measurements (from Aims 1 and 2), to determine if a linear correlation exists between the AFM 
and SPR data. If this can be determined, the developed AFM methods will be applied in Aim 4 to 
estimate the Goads for peptide adsorption to surfaces that cannot be readily tested by SPR. 
 
3.4. Aim 4. Extend the AFM Method to Determine Effective Goads Values of 
Peptide/Surface Interactions for Surfaces that are not Amenable for 
Characterization by SPR 
 The final aim of this research will be to apply the standardized AFM methods 
developed under Aim 3 to estimate the values of Goads for peptide adsorption to 
materials that are more representative of actual biomaterials. The materials to be tested 
will be raw polymer sheets (poly(methyl methacrylate) (PMMA), Nylon 6/6, and Teflon), 
a metal plate (titanium) and a quartz glass surface. The correlation plot developed under 
Aim 3 comparing the desorption force measured by AMF to the value of Goads measured 
by SPR for the SAM surfaces will then be used to determine effective Goads values for 
peptide adsorption on these new types of materials surface. The reasonableness of these 
values will be evaluated by comparing the predicted of Goads values with the values 
obtained for similar functional groups presented by the SAM surfaces (e.g., SAM–
COOCH3 for PMMA, SAM–NHCOCH3 for Nylon, and SAM–OCH2CF3 for Teflon).   
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 CHAPTER IV 
 
 
DETERMINATION OF ADSORPTION FREE ENERGY FOR PEPTIDE–
SURFACE INTERACTIONS BY SPR SPECTROSCOPY106 
 
[Published Article:  Wei, Y. and Latour R.A., Determination of adsorption free energy 
for peptide-surface interactions by SPR spectroscopy, Langmuir, 24: 6721-6729 (2008).] 
Abstract 
In order to understand and predict protein adsorption behavior, we must first 
understand the fundamental interactions between the functional groups presented by the 
amino acid residues making up a protein and the functional groups presented by the 
surface. Limited quantitative information is available, however, on these types of sub–
molecular interactions. The objective of Chapter IV was to therefore develop a reliable 
method to determine the standard state adsorption free energy (Goads) of amino acid 
residue–surface interactions using surface plasma resonance (SPR) spectroscopy. Two 
problems are commonly encountered when using SPR for peptide adsorption studies: the 
need to account for “bulk–shift” effects and the influence of peptide–peptide interactions 
at the surface. Bulk–shift effects represent the contribution of the bulk solute 
concentration on the SPR response that occurs in addition to the response due to 
adsorption. Peptide–peptide interactions, which are assumed to be zero for Langmuir 
adsorption, can greatly skew the isotherm shape and result in erroneous calculated values 
of Goads. To address these issues, we have developed a new approach for the 
determination of Goads using SPR that is based on chemical potential.  In this chapter, 
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we present the development of this new approach and its application for the calculation of 
Goads for a set of peptide–surface systems where the peptide has a host–guest amino acid 
sequence of TGTG–X–GTGT (where G & T are glycine and threonine residues and X 
represents a variable residue) and the surface consists of alkanethiol self–assembled 
monolayers (SAMs) with methyl (CH3) and hydroxyl (OH) functionality. This new 
approach enables bulk–shift effects to be directly determined from the raw SPR vs. 
peptide concentration data plots and the influence of peptide–peptide interaction effects 
to be minimized, thus providing a very straightforward and accurate method for the 
determination of Goads for peptide adsorption. Further studies to characterize Goads for 
a large library of peptide–SAM combinations will be presented in the next chapter. 
 
4.1. Introduction 
Vernekar and Latour developed one of the first experimental model systems for 
the determination of Goads for peptide–surface interactions using surface plasmon 
resonance (SPR) spectroscopy.1 They used a G4–X–G4 host–guest model peptide system 
on OH– and COOH–functionalized gold–alkanethiol self–assembled monolayer (SAM) 
surfaces, where G represents glycine and X was either glycine (G) or lysine (K), using 
the standard one–letter amino acid code. With this system, the G4–K–G4 peptide was 
found to exhibit a very strong adsorption response on the COOH–SAM surface, with the 
Goads value of – 6.9 ± 0.2 kcal/mol (mean ± 95% confidence interval (CI)) at 25°C by 
fitting a Langmuir adsorption model to the adsorption isotherms.  The other three systems 
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(G4–K–G4 on the OH–SAM and G4–G–G4 on both the SAM–OH and SAM–COOH) 
exhibited no detectable adsorption response. This prevented the ability to fit the 
Langmuir model to the data, with Goads then simply considered to be zero for each of 
these systems because of the lack of a measureable response. Along with the initial 
development and application of a method using SPR to determine Goads for peptide–
SAM systems, their study also identified several limitations with the approach that was 
initially developed. First of all, the G4–X–G4 form of host–guest peptide was determined 
to possess very limited solution solubility when G was used for the guest residue (i.e., X 
= G) and its overall peptide molecular weight was fairly small, which limited the 
sensitivity of detection of adsorption events using SPR. Secondly, the method used by 
Vernekar and Latour required the use of the SAM–OH surface, which was determined to 
be non–adsorbing, to measure the bulk–shift effects that were then used for the correction 
of the SAM–COOH surface data. While this was a reasonable assumption for the systems 
evaluated, it added complexity and a potential source of error to the method. Thirdly, 
because the Langmuir model used in their study could not be fit to an isotherm that 
exhibited nearly zero adsorption, the free energy of adsorption for weakly adsorbing 
systems could not be directly determined by their method, but instead had to be assumed 
to have a zero value. Although not addressed by Vernekar and Latour, their method also 
provided no means to address differences in peptide–peptide interactions at the surface, 
but simply assumed that these types of interactions did not occur. Similar methods to 
these have also been used by Husson et al.,37, 42 for the measurement of a broader 
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selection of peptide–surface combinations; with their studies having the same limitations 
as the prior study by Vernekar and Latour. 
To address these problems, we have further developed the experimental system 
initially designed by Vernekar and Latour by using a chemical potential approach to solve 
each of the previously encountered problems. We have redesigned the host–guest peptide 
model for improved solubility and detection by SPR, developed a direct method to account 
for bulk–shift effects for each individual peptide–surface system, revised the adsorption 
model for use with SPR isotherm data to enable adsorption free energy to be directly 
determined for even very weakly interacting systems, and developed a method to minimize 
the effects of peptide–peptide interactions for the calculation of Goads. In this chapter, we 
present this revised approach, demonstrate its use to determine the adsorption free energy for 
a new set of peptide–SAM surface systems, and address various experimental factors and 
their influence when conducting these types of experiments with SPR. 
 
4.2. Analytical Model 
4.2.1. Key Issues 
To accurately determine Goads for peptide adsorption using SPR, two key issues 
must be addressed: the need to account for (i) “bulk–shift” effects, and (ii) the influence of 
solute–solute interactions on the surface. Because SPR measures the refractive index change 
of the medium within a distance of about 300 nm of the surface,66 it is sensitive to both the 
molecules adsorbed at the interface and the molecules suspended in the medium. This 
latter contribution, known as the “bulk effect”, introduces a component to the SPR signal 
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that is linearly proportional to the mass concentration of the analyte in the solution.70  
Therefore, in order to determine the amount of SPR signal that is due to the adsorption 
process, the bulk shift contribution must be subtracted from the raw SPR signal that is 
obtained during the adsorption experiment.  
Peptide–peptide interactions present another problem that can greatly skew the 
shape of the adsorption isotherm and result in erroneous calculated values of Goads. 
Goads is determined from the equilibrium constant, Keq, of a reversible adsorption 
process, which represents the partition coefficient for the concentration of the solute on a 
surface vs. its concentration in bulk solution. Ideally, the value of Keq could be 
determined as the initial slope in the linear region of the adsorption isotherm, which 
represents infinite dilution conditions, in order to minimize effects from solute–solute 
interactions at the surface.32 Unfortunately, this requires the measurement of adsorption 
events for solution concentrations that typically extend well below the detection limit of 
currently available commercial SPR instruments. To get around this problem, an 
adsorption model, such as the Langmuir model, is generally used to calculate Goads 
based on the overall shape of the isotherm. This, however, creates additional 
complications because solute–solute interactions may occur on the surface as the surface 
sites become filled, which can substantially influence the shape of the isotherm and 
invalidate the application of the Langmuir adsorption model.  If the Langmuir model is 
still used despite the occurrence of solute–solute interactions, substantial error will be 
introduced into the calculated value of Goads.34-36, 38   
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To address both of these problems, we have adapted our analytical model to 
enable bulk shift contributions to be directly determined from the raw SPR signal vs. 
solution concentration plots for each individual peptide–surface system, and to enable the 
effects of solute–solute interactions on the isotherm shape to be minimized so that Goads 
can be accurately determined from the resulting adsorption data. 
 
4.2.2. Model Development 
For a reversible adsorption process under equilibrium conditions, the chemical 
potential of an adsorbed peptide must be equal to its chemical potential in solution, which 
can be expressed as:107  
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where  is the chemical potential of the peptide, superscript “o” designates standard state 
conditions, subscripts s and b designate the states of the peptide when it is adsorbed to the 
surface or in bulk solution, respectively, a and  are the activity and the activity 
coefficient of the peptide, respectively, C is the concentration of the peptide, and R and T 
are the ideal gas constant and absolute temperature, respectively.   
The concentration of the peptide at the surface (Cs) can be expressed as: 
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SPSP 
bs CqC  /  ,       (4–2) 
where q is the excess amount of peptide per unit area adsorbed on the surface compared 
to bulk solution conditions (i.e., Cb) and  is the thickness of the adsorbed layer.   
The excess amount of solute adsorbed to the surface, q, can be directly measured 
by SPR and related to the standard parameters that are used to characterize an adsorption 
process, which can be expressed as:4  
                                                                                                                                         
(4–3) 
where, P, S, and SP   represent the peptide in solution, the available surface sites for 
peptide adsorption, and the adsorbed peptide on the surface, respectively. Assuming a 
reversible adsorption process and again assuming unity activity coefficients, the change 
in the free energy of the adsorption process can be expressed as:4, 31, 42 
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b     (4–4) 
where K is the equilibrium constant for the adsorption reaction expressed in equation (4–
3), SPx   and Sx  are the mole fraction of surface sites occupied and unoccupied by the 
peptide, respectively, and Q is amount of peptide adsorbed at surface saturation. The final 
expression represented by equation (4–4) represents the classic Langmuir adsorption 
model.108-111 
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During an SPR experiment to measure the adsorption of a peptide to a surface, the 
overall change in the SPR signal reflects both the excess amount of adsorbed peptide, q, 
and the bulk shift response, which is linearly proportional to the concentration of the 
peptide in solution.70 This can be expressed as: 








      (4–5) 
where m is the proportionality constant between the peptide concentration in the bulk 
solution and the bulk shift in the SPR response. Equation (4–5) can be directly fit to a 
plot of the raw SPR signal vs. peptide solution concentration, Cb, to solve for the 
parameters of Q, K, and m, which enables bulk–shift effects (represented by mCb) to be 
directly accounted for each individual peptide–surface system.   
As introduced above, however, fitting the Langmuir adsorption model to a solute 
adsorption isotherm has the inherent problem that the shape of the isotherm is often 
influenced by solute–solute interactions, with the subsequent values of Q and K in 
equations (4–4) and (4–5) being directly affected, in which case the value of K may not 
provide an accurate representation of Goads. Solute–solute effects are minimized, 
however, when adsorption takes place under the condition where the bulk solution 
concentration (Cb) approaches zero. As shown from the last expression in equation (4–4), 
under this condition the relationship between q and Cb becomes: 









       (4–6) 
with q thus being linearly related to Cb under these conditions. Unfortunately, the 
relationship between q and Cb at very low concentrations is not experimentally accessible 
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because of the sensitivity limitations of SPR. However, the adsorption behavior can still 
be determined under these conditions using the values of Q and K obtained from fitting 
equation (4–5) to the SPR response over the experimentally accessible range of peptide 
solution concentrations, with these values then plugged into equation (4–6) to calculate 
0)( bCq . By this approach, Q and K essentially only serve as fitting parameters for the 
purpose of estimating the linear response of the isotherm plot as Cb approaches zero. 
Therefore, while the influence of solute–solute interactions may affect the actual values 
of Q and K, they should not influence the ability of Q and K to serve as fitting parameters 
to estimate the initial slope of the isotherm, thus separating the effects of solute–solute 
interactions from the determination of Goads, as addressed in the following paragraph. 
Equation (4–6) can now be combined with equations (4–1) and (4–2) to derive an 
expression for the chemical potential based on the experimentally determined parameters 
Q and K for the situation when Cb approaches zero, thus minimizing peptide–peptide 
interactions, which gives: 






























     (4–7) 
Equation (4–7) thus provides a relationship for the determination of Goads for 
peptide adsorption to a surface with minimal influence of peptide–peptide interactions 
based on experimentally determined parameters Q and K and the theoretically defined 
parameter .   
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We will next address how  is determined and evaluate the sensitivity of the 
calculated values of Goads to the value of this parameter. The parameter is determined 
by assuming that its value is equal to twice the average outer radius of the peptide with 
the peptide represented as being spherical in shape. Under these assumptions, a peptide's 
volume can be estimated from its molecular weight and the average value of a protein’s 
molar specific volume in solution. The average experimentally determined molar specific 
volume for a soluble peptide or protein is approximately 0.73 cm3/g.112 For a TGTG–X–
GTGT peptide with X representing an amino acid with an average residue molecular 
weight of Mw = 118.9 Da,
113 which results in Mw = 769.3 Da for the peptide, the value of 
Rpep (radius of peptide molecule) is calculated as:
106   
or   , 73.0
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    (4–8) 
which gives  = 2 Rpep = 12.1 Å, where Vpep is the molecular volume of the peptide and 
NAv is Avogadro’s number. Molecular dynamics simulations with similar peptides
114 
show this to be a very reasonable value for the adsorbed layer of this peptide. 
Although it would be ideal to not have to rely on the use of a theoretically derived 
parameter for the calculation of Goads, it can be shown that the value of Goads is 
actually fairly insensitive to the value of . The sensitivity of Goads to the value of  can 
be evaluated by assessing how Goads is affected by the value of  under different 
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conditions of adsorption. Equation (4–7) provides the relationship between Goads and , 
and the differentiation of equation (4–7) with respect to  gives:  
















 .     (4–9) 
For the case of a relatively strongly adsorbing system (e.g., when QK >> Co), 
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As an example of what these expressions represent, for the situation where T = 
298 K and QK = 5 Co, the value of Goads is equal to about −1.0 kcal/mol, with Goads 
becoming even lower for a larger ratio of QK/Co. Using the value of  calculated from 
equation (8) (i.e.,  = 12.1 Å), equation (4–11) shows that the sensitivity of Goads to the 
value of  is only d(Goads)/d = 0.050 kcal/Å. It should also be noted that under these 
conditions, the difference between Goads for two different peptide–surface systems (i.e., 
Goads) becomes:   















ads  ,    (4–12) 
in which case the parameter  divides out of the relationship altogether.  
Taking the other extreme condition (i.e., when QK << Co), equations (7) and (9) 
respectively become: 
 63
























 .     (4–13) 































    (4–14) 
As an example of what these relationships show, for the conditions of T = 298 K 
and QK = (1/5) Co, Goads is equal to about −0.1 kcal/mol and d(Goads)/d = 0.008 
kcal/Å.  
Finally, to consider the influence of the values of  for the case where the value 
of Goads is between −1.0 and 0.0 kcal/mol (e.g., when QK ≈ Co), the sensitivity of the 
value of Goads to the change in can be expressed as: 
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When QK = Co (in which case Goads = −0.4 kcal/mol), and when using the calculated 
value of Å, the expression in equation (4–16) shows a sensitivity of only 
d(Goads)/d = 0.025 kcal/Å.  
These analyses thus show that Goads is fairly insensitive to the value calculated 
for the theoretical parameter  and, when comparing Goads values between two even 
moderately strongly adsorbing systems (i.e., for cases where Goads < −1.0 kcal/mol), the 
value of Goads is not dependent on the value of  at all. 
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4.3. Experimental Methods 
As introduced above, our adsorption studies were conducted using a host–guest 
model peptide on functionalized gold–alkanethiol SAMs surfaces. Adsorption isotherms 
for each peptide–SAM surface system were generated by recording the adsorption 
response by SPR over a range of solution concentrations and a value for Goads was then 
calculated for each system using the adsorption model described in Section 4.2. 
 
4.3.1. Host–Guest Peptide Model 
For our adsorption studies, we designed and had synthesized (Synbiosci 
Corporation, Livermore, CA) a unique model peptide system in the form of TGTG–X–
GTGT with zwitterionic end groups, where G and T are glycine (–H side–chain) and 
threonine (–CH(CH3)OH side chain), and X represents the “guest” amino acid residue, 
which can be selected among any of the 20 naturally occurring amino acid types. The 
threonine residues and the zwitterionic end groups were selected to enhance aqueous 
solubility and provide additional molecular weight for SPR detection while the nonchiral 
glycine residues were selected to inhibit the formation of secondary structure, which, if 
present, would complicate the adsorption process and make the data more difficult to 
understand. The variable X residue was positioned in the middle of the peptide to best 
represent the characteristics of a mid–chain amino acid in a protein by positioning it 
relatively far from the zwitterionic end–groups. In this initial set of adsorption studies, 
three different types of amino acids were used for the X residue to vary the overall 
characteristics of the peptides, with X represented by either threonine (T; –CH(CH3)OH 
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side–chain, polar character), aspartic acid (D; –CH2COOH side–chain, negatively 
charged, pK = 3.9 115), or valine (V; –CH(CH3)2 side–chain, nonpolar character).  Each of 
these three peptides was synthesized and characterized by analytical HPLC and mass 
spectral analysis by Synbiosci Corporation, Livermore, CA, which showed that all of the 
peptides were ≥ 98 % pure.  
 
4.3.2. SAM surfaces.   
The structural characteristics of SAMs are well known and standard procedures 
were followed while preparing our SAM surfaces,116-117 which we will summarize. The 
OH and CH3 terminated Au–alkanethiol SAMs were synthesized from 11–mercapto–1–
undecanol and 1–dodecanethiol (Aldrich Chemical Company, Milwaukee, WI, USA), 
respectively. The alkanethiols were dissolved separately in ethanol (anhydrous (100%), 
denatured ethyl alcohol, Fisher Scientific, Fair Lawn, NJ, USA) to obtain 1 mM ethanolic 
solutions in preparation for SAM fabrication on gold surfaces. The bare gold surfaces for 
the SPR experiments were purchased from Biacore (SIA Au kit, BR–1004–05, Biacore, 
Inc., Uppsala, Sweden).  Prior to use, the surfaces were thoroughly cleaned by immersion 
into 50˚C Piranha solution (20% concentrated HCl (Fisher Scientific, Fair Lawn, NJ) and 
20% hydrogen peroxide (Fisher Scientific, Fair Lawn, NJ, USA) with 60% DI water) for 
1 min., and rinsed with nano–pure water. The surfaces were then immersed in 50˚C 
ammonia solution (20% NH4OH (Fisher Scientific, Fair Lawn, NJ, USA) and 20% 
hydrogen peroxide with 60% DI water) for 1 min., rinsed with nano–pure DI water, dried 
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under a steady stream of nitrogen gas (National Welders Supply Co., Charlotte, NC, 
USA), and then immersed in clean glass vials containing the 1.0 mM solutions of either 
OH– or CH3–terminated alkanethiols in ethanol. Each container was then backfilled with 
dry nitrogen gas and sealed. The SAM–coated gold surfaces were stored in the solutions 
in a dark environment (at least 24 h) until used to prepare the biosensor surfaces. Before 
an adsorption experiment, each SAM biosensor surface was ultrasonically cleaned 
(Branson Ultrasonic Corporation, Danbury, CT) for 5 sec. in ethanol, rinsed copiously 
with ethanol and then nano–pure DI water, and then dried thoroughly with a stream of 
nitrogen gas. The SAM sensor chip was then mounted on the cartridge that goes into the 
SPR instrument, docked with the SPR microfluidics channel, and promptly used in an 
adsorption experiment. Prior to our adsorption studies, each type of SAM surface was 
also characterized by ellipsometry (GES 5 variable–angle spectroscopic ellipsometer, 
Sopra Inc., Palo Alto, CA), contact angle (CAM 200 optical contact–angle goniometer, 
KSV Instruments Inc., Monroe, CT), and X–ray photoelectron spectroscopy (XPS, 
performed at NESCA/BIO, University of Washington, Seattle, WA). All XPS spectra 
were taken on a Surface Science Instruments S – probe spectrometer. The Service 
Physics ESCAVB Graphics Viewer program was used to calculate the elemental 
compositions from peak area. 
 
4.3.3. SPR Adsorption Experiments  
Adsorption experiments were conducting by SPR using a Biacore X instrument 
(Biacore, Inc., Piscataway, NJ). To maintain the experimental solutions of the peptides at 
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a pH of 7.4, 10 mM phosphate buffered saline (PBS) (140 mM NaCl, PH 7.4) (Fisher 
Scientific, Fair Lawn, NJ) was used as the running buffer. Before every SPR experiment, 
the buffer solution was filtered with a vacuum filter system (Corning Costar, Corning, 
NY, USA) followed by gentle heating for 15 min. at 40˚C under a vacuum of 270–280 
mm Hg (Lab–Line Duo–Vac Oven, Lab–Line Instruments, Inc., Melrose Park, IL) and 
sonication for 5 minutes for degassing. 
Eight concentrations of each of the peptide solutions (0.039, 0.078, 0.156, 0.312, 
0.625, 1.25, 2.5, 5.0 mg/ml) were prepared in the filtered and degassed 10 mM 
phosphate–buffered saline through serial dilutions from stock solutions of the peptide in 
clean vials. The pH of the stock solutions was adjusted to 7.4 with 0.1 M NaOH (Sigma 
Chemical Co., St. Louis, MO) or 0.1 M HCl (Mallinckrodt Chemical, Inc, Paris, KY). 
The actual concentration of the stock peptide solution was calibrated by BCA analysis 
(BCA protein assay kit, prod. 23225, Pierce, Rockford, IL) against a BSA standard curve 
and the diluted concentration of each peptide was further validated from refractive index 
vs. diluted concentration plot using a refractive index meter (AR 70 Automatic 
Refractometer, Reichert, Inc, Depew, NY).  
Once the biosensor SAM chip was docked inside the SPR instrument, the 
microfluidics flow channels exposed to the SAM surface were flushed with the PBS 
solution at a flow rate of 50 μl/min for 2 to 3 min followed by two surface 
preparation/regeneration injections, which involved a 50 μl injection of 0.3 vol. % Triton 
X–100 (Sigma Chemical Co., St. Louis, MO) followed by a “wash” operation (flushing 
buffer at high flow rate through the microfluidics system for approximately 2 min). This 
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is a standard procedure that has been demonstrated to provide very stable and repeatable 
responses for peptide adsorption measurements using this instrument.  
After the initial surface preparation step was conducted and a stable SPR 
sensorgram trace was obtained, each surface was finally prepared for an adsorption 
measurement by running 50 μl concentrated peptide solution injections (5.0 mg/ml) over 
the SAM surface several times followed by PBS wash until a fully reversible adsorption 
signal was obtained. Preliminary studies have shown that by this process a small amount 
of peptide (typically less than a few percent of a monolayer) is irreversibly bound to each 
SAM surface, with this peptide believed to be adsorbed at defects sites (e.g., grain 
boundaries, step–defects, vacancy defects) in the SAM surface. Pretreatment of the 
surface in this manner enables these defect sites to be blocked by irreversibly bound 
peptide, with the remaining SAM surface exhibiting reversible adsorption behavior. 
Following this final surface pretreatment step, eight different concentrations of each 
peptide solution were injected over each functionalized–SAM SPR chip in random order 
with a flow rate of 50 μl/min followed by 50 μl/min PBS buffer to desorb the peptide 
from the surface. Then a blank buffer injection was administered to flush the injection 
port and a set of regeneration injections were then performed to prepare the surface for 
the next series of peptide sample injections. Our previous studies have shown that these 
conditions provide for an adsorption process that is not mass–limited and which results 
in no detectable level of degradation of the SAM surface.1   
SPR sensorgrams in the form of resonance units (RU; 1 RU = 1.0 pg/mm2)106 vs. 
time were recorded for six independent runs of each series of peptide concentrations over 
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each SAM surface at 25˚C and the data were then used to generate isotherm curves for 
analysis by plotting the raw SPR signal vs. peptide solution concentration. Equation (4–5) 
was then best–fitted to each isotherm plot by non–linear regression to solve for the 
parameters of Q, K, and m using the Statistical Analysis Software program (SAS Institute, 
Cary, NC). The values of Q and K were then used in equation (4–7) for the calculation of 
Goads for each peptide–SAM system, with the value of  calculated for each peptide 
using equation (4–8) (value of  given in Table 4–1). 
 
Table 4–1.  Calculated values of Mw and  for each peptide. 
Parameter TGTG–D–GTGT TGTG–T–GTGT TGTG–V–GTGT 
Mw (g/mole) 764.5 751.5 749.5 
 (Å) 12.1 12.0 12.0 
4.4. Results & Discussions   
4.4.1. Surface Characterization.   
Table 4–2 presents surface characterization data for the SAM surfaces, which 
show that the contact angle and thickness values fall within the expected range for these 
types of surfaces.10, 33, 118 These results confirm that the SAM–OH and –CH3 represent 
very hydrophilic and hydrophobic surfaces, respectively, which should thus exhibit 
distinctly different adsorption characteristics for the host–guest peptides. 
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Table 4–2.  Contact angle (DI water in air) and ellipsometry results (layer thickness) for 
the OH– and CH3–terminated Au–alkanethiol SAM surfaces (mean (± 95% confidence 
interval) (CI), N=3). 
SAM surface Contact Angle (˚) Thickness (Ǻ) 
Au–S(CH2)11–OH 15.5 (2.1) 13.0 (1.0) 
Au–S(CH2)11–CH3 110.0 (3.0) 11.0 (1.0) 
 
Table 4–3 presents the atomic composition for the SAM–OH and –CH3 from XPS. 
Composition scans for the CH3 and OH surfaces showed minimal levels of contamination 
with a gold signal that is consistent with a 11– to 12–carbon alkanethiol SAM layer on 
gold and with the compositions found to be in excellent agreement with theoretical values 
for these surface types.   
Table 4–3.  Atomic percentage (composition) of SAM–OH and –CH3 surfaces as 
determined by XPS (mean (± 95% CI), N=3).  
SAM surface Au (%) C (%) S (%) O (%) 
Au–S(CH2)11–OH 33.1 (2.2) 56.7 (3.0) 2.8 (2.2) 7.5 (0.9) 
Au–S(CH2)11–CH3 32.3 (3.0) 64.9 (2.6) 2.8 (0.9) negligible 
 
4.4.2. SPR Adsorption Analysis   
Figure 4–1 shows the raw SPR adsorption curves on a mass basis for each peptide 
on the SAM–OH and –CH3 surfaces. As shown, a rapidly rising signal response is 
generated as soon as the peptide solution begins to flow over the surface. This rise is due 
to a combination of the bulk–shift effect, which is linearly proportional to the 
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concentration of the peptide in solution over the surface,70 and the excess concentration 
of the peptide on the surface due to adsorption. The SPR signal then stabilizes, which 
indicates that an equilibrated state has been achieved in which the rate of peptide 
adsorption onto the surface is equal to the rate of desorption off of the surface. It should 
be noted here that a slight amount of instrument drift also occurs during this time, with 
the amount of drift being consistent for each peptide–SAM combination and at each 
concentration. This effect gives the appearance of a small continual increase in the SPR 
signal even after equilibrium is achieved; this issue is further addressed in section 4.4.4. 
Following equilibration, the surface was exposed to the pure buffer solution at the same 
flow rate as was used for the peptide sample, which results in a rapid drop in signal due 
to the bulk shift effect. This response is followed by an exponentially decaying signal, 
which represents the desorption of the peptide from the surface.   
The reversibility of each adsorption process was assessed by comparing the SPR signal 
before the injection of peptide solution and after the period of desorption. Reversibility represents 
an essential condition for the application of equations (4–1) ~ (4–7) to the adsorption data for the 
calculation of adsorption free energy from the adsorption isotherms. The data presented in Figure 
4–1 clearly show that the adsorption process for each of our peptide–SAM systems was fully 
reversible. The differences in the SPR signals before the injection of peptide solution and after 
desorption typically are less than 20 RUs, with these small measured differences being attributed 
to instrument drift. The combination of an adsorption process that reaches an equilibration plateau 
followed by a desorption process that is completely reversible satisfies necessary conditions for 
the determination of Goads for each of our peptide–SAM systems.  
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Figure 4–1.  Response curves (SPR signal (RU) vs. time for TGTG–X–GTGT on SAM–
OH and –CH3 at 25˚C.  (A) X=V, (B) X=D, and (C) X=T on the SAM–OH surface, and 
(D) X=V, (E) X=D, and (F) X=T on the SAM–CH3 surface. (Not all of the concentration 
curves are listed for each peptide/surface pair for clarity sake because some of the low 


































































Figure 4–2.  Adsorption isotherms for TGTG–X–GTGT on the SAM–OH and CH3 
surfaces.  (A) X=D, (B) X=V, and (C) X=T. The curves represent the best fit of equation 
(4–5) to the data points. Error bars represent 95% CI (N=6). 
 
Adsorption isotherms for each of the peptide–SAM systems, which are shown in 
Figure 4–2, were generated from the raw experimental data shown in Figure 4–1 by 
plotting the changes in RU vs. peptide solution concentration. Figure 4–2 also shows the 
best fit curves for equation (4–5). Values of the parameters Q, K, and m were determined 
by non–linear regression using SAS and these values were then used to calculate Goads 
for each peptide–SAM system using equation (4–7). The resulting values for Q, K, m, and 
Goads are presented in Table 4–4, with Q and K serving to characterize the shape of the 
isotherm, m represents the bulk–shift effect, and Goads is the calculated standard state 
adsorption free energy. 
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Table 4–4.  Values of m, Q, K, Goads and GoLangmuir (mean (± 95% CI)) for peptides on 
SAM surfaces (N=6).   
 SAM–CH3 Surface SAM–OH Surface 
 TGTGVGTGT TGTGDGTGT TGTGTGTGT TGTGVGTGT TGTGDGTGT TGTGTGTGT 







Q (pg/mm2) 79 (12) 73 (20) 94 (25) 0.24 (0.11) 0.15 (0.08) 0.11 (0.06) 
K (unitless) 19,300 (9,800) 4,940 (1,980) 1,020 (470) 14.4 (2.3) 23.7 (7.8) 19.0 (13.0) 
Goads 
(kcal/mole) 
− 4.40 (0.31) − 3.54 (0.60) − 2.76 (0.28) −0.002 (0.001) −0.003 (0.001) −0.001 (0.001) 
GoLangmuir 
(kcal/mole) 
–5.85 (0.21) –5.04 (0.37) –4.10 (0.14) –1.58 (0.11) –1.88 (0.21) –1.75 (0.25) 
 
The results presented in Table 4–4 for Goads show that the hydrophilic SAM–OH 
was essentially non–adsorptive to these peptides with the absolute magnitude of Goads 
being less than 0.005 kcal/mol for each system. This behavior can be understood to result 
from a stronger tendency for the hydroxyl functional groups on the SAM surface and the 
hydrogen–bondable groups of the peptides to form hydrogen bonds with the surrounding 
water molecules compared to their tendency to form hydrogen bonds with one another. In 
contrast, the hydrophobic SAM–CH3 strongly adsorbed the peptides with the values of 
Goads for each peptide on this surface being significantly lower (i.e., more negative; 
stronger adsorption response) than on the SAM–OH surface (p<0.01).  In addition, the 
adsorption behavior of each peptide on the SAM–CH3 surface were also significantly 
different (p<0.01), which shows that the use of this peptide model enables the effects of 
the mid–chain amino acid residues to be clearly discerned. These results are in excellent 
agreement with past theoretical studies that have been conducted by our group using 
semi–empirical quantum chemical calculations8, 119 and molecular dynamics 
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simulations114, 120 to evaluate the interactions between different amino acid residues and 
functional groups presented by SAM surfaces.  
For comparison sake, we also calculated values of the standard state free energy, 
GoLangmiur, using the conventional Langmuir isotherm method from the following 
relationship: 
 .ln KRTG oLangmuir                                        (4–17) 
where the values of K, which are presented in Table 4–4, were determined from fitting 
equation (4–4) to Langmuir isotherm data (i.e., q vs. Cb). The most striking difference 
between the values of adsorption free energy between these two methods is seen for the 
SAM–OH surface, where GoLangmiur is calculated to be about −1.75 kcal/mol while 
Goads calculated by the new method is very close to 0.00 kcal/mol. As shown in Figure 
4–2, the amount of peptide adsorbed on the SAM–OH surface is barely detectable above 
the bulk shift response, which indicates a very weak interaction for this surface. This then 
also represents a system where peptide–peptide interactions can be expected to 
substantially inhibit the adsorption of peptides to neighboring sites on the surface.  In fact, 
as shown in Table 4–4, the value of the parameter Q for this surface, which represents the 
amount of peptide adsorbed at monolayer coverage, is about 500 times lower than for the 
SAM–CH3 surface although the density of adsorption sites on this surface (i.e., the 
number of functional groups per unit area) is theoretically the same for both of these 
surfaces.  As a result of this, for a given initial slope of the adsorption isotherm, which is 
equal to QK/Co per equation (4–6), an artifactually low value of the parameter Q will 
result in an artifactually high value of K, with a corresponding overestimation of the 
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strength of adsorption for the system per equation (4–17). The new method that we 
propose, however, keeps the parameters Q and K grouped together (as shown in equation 
(4–7)), and uses them in a combined manner to estimate the initial slope of the adsorption 
isotherm where peptide–peptide interactions are minimized, thus avoiding their influence 
on the calculation of adsorption free energy. 
The hydrophobic SAM–CH3 surface strongly adsorbed the TGTG–X–GTGT 
peptides with the trend in adsorption affinity being measured to be V > D > T. For a 
hydrophobic surface, such as the SAM–CH3, the driving force governing the adsorption 
behavior can be expected to depend most strongly on the overall hydrophobic 
characteristics of the peptide and the surface and the corresponding influence of this on 
the water structure at the interphase between the peptide and surface. Although still not 
fully understood, hydrophobic interactions are believed to originate from the perturbed 
structure of water molecules adjacent to nonpolar functional groups compared to the bulk 
solvent such that when two such functional groups are brought together, part of this 
ordered hydration shell is released to the bulk solution with a corresponding increase in 
system entropy and subsequent decrease in free energy.121 For our peptide model, the 
peptides differ only by the side–chain structure of the middle amino acid residue, and 
thus the characteristics of this residue can be expected to primarily dictate the differences 
in the observed adsorption behavior. The high affinity of the TGTG–V–GTGT peptide is 
consistent with expectations due to the nonpolar characteristic of valine (V) with its {–
CH(CH3)2} side group. The lower adsorption affinity of the peptide when aspartic acid 
(D) and theonine (T) amino acid residues were substituted for the middle residue can be 
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explained by the relatively hydrophilic characteristics of these amino acid residues 
compared to valine, with D having a negatively charged side group and T a polar side–
group. Both of these peptides, however, still exhibited fairly strong adsorption to the 
SAM–CH3 surface, which can be attributed to presence of nonpolar functional groups 
(e.g., CH2 and CH3 groups) on each of the amino acids present in each of these peptides. 
Based on our previous molecular simulation studies114 with similar peptide–SAM surface 
systems, we propose that the TGTG–D–GTGT and TGTG–T–GTGT peptides most likely 
adsorb to the SAM–CH3 surface with the hydrophilic components of the side–groups of 
the D and T amino acid residues oriented away from the surface and facing out towards 
the aqueous solution, with the nonpolar components of the main–chain and the side–
chain segments of the peptide adsorbed to the surface by hydrophobic interactions. We 
are currently conducting molecular dynamics simulation studies of these same peptide–
SAM systems to provide further insights into the specific functional group interactions 
that may be occurring to elucidate the differences in the adsorption behavior of these 
peptides.   
 
4.4.3. Instrument Drift  
The use of the raw SPR vs. time plots shown in Figure 4–1 to generate the 
isotherm plots shown in Figure 4–2 requires that conditions of adsorption equilibrium are 
reached by the end of each sample injection period as evident by a plateau in the SPR–
vs.–time response curves. As shown in Figure 4–1, however, the SPR signal for each 
peptide continues to rise slightly after the initial adsorption process occurs up until the 
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time when the pure buffer is injected to begin the desorption phase of the experiment. 
This continued rise in the SPR signal over time is believed to be due to instrument signal 
drift as opposed to being indicative of a failure to reach adsorption equilibrium.   
In order to confirm that this rise was due to instrument drift, the rise of the SPR 
signal vs. time was calculated over the final 30 sec. of the peptide sample injection period 
and compared with the rise in SPR signal vs. time following the injection of a sample of 
pure buffer solution. The results from these pilot studies are presented in Table 4–5. As 
shown in this table, the amount of instrument–signal drift for the peptide solutions is not 
significantly different from injections of pure buffer solution (p = 0.8214 and 0.5228 for 
the SAM–CH3 and OH, respectively), thus supporting that this increase in the SPR signal 
over time following sample injection is indeed due to instrument drift and is not due to a 
failure of the adsorption processes to equilibrate during the adsorption experiments.   
As shown in Table 4–5, the drift over the SAM–CH3 surface was found to be 
significantly higher than over the SAM–OH surface. While we are uncertain about the 
exact cause of this phenomenon, we believe that it may result from differences in the 
structure of the solvent within these two very different interfacial environments. This can 
be expected to result in different values of the refractive index local to the surface and 
differences in the sensitively of the refractive index to small changes in temperature, 
which could subsequently be reflected in differences in the SPR signal drift. Most 
importantly, for our concerns, this is a reproducible response that can be readily 
accounted for when using this instrument for peptide adsorption experiments. 
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Table 4–5.  Evaluation of signal drift (RU/sec) for each SAM surface.  (Mean (± 95% 
CI); N = 9 for the peptide solutions, N=3 for the pure buffer solutions). 
Signal drift (RU/sec) on CH3 SAMs Signal drift (RU/sec) on OH SAMs 
Peptide solution Buffer Peptide solution Buffer 
0.58 (0.08) 0.60 (0.07) 0.15 (0.03) 0.14 (0.07) 
 
4.4.4. Reversible vs. Irreversible Peptide and Protein Adsorption Behavior 
As noted above, one of the essential conditions for the application of the proposed 
methods for the calculation of the Goads is that the adsorption process must be reversible; 
meaning that when the surface is exposed to the peptide–containing solution, the peptide 
molecules dynamically respond to the surface in a manner in which they are continually 
adsorbing to, and releasing from, the surface. Under these special conditions, the resulting 
shift in peptide concentration on the surface relative to the bulk solution can be related to 
the standard state adsorption free energy for the system. Accordingly, if such a dynamic 
process is occurring and the surface is subsequently exposed to a peptide–free solution (i.e., 
pure bulk solvent), the peptide must fully desorb from the surface because peptides are no 
longer present in solution to adsorb to the surface to replace the desorbing peptides. This is 
one of the primary tell–tale signs that can be used to indicate adsorption reversibility.   
As clearly shown in many studies involving larger, structured polypeptides (e.g., 
proteins), the adsorption process is generally found to be irreversible, especially on 
hydrophobic surfaces.33, 122 We believe the difference between our model host–guest 
peptide and the general experience with protein adsorption is due to the relatively small 



































and the types of functional group interactions involved in the adsorption process.  
However, even for our relatively small, generally hydrophilic peptide, we have 
experienced guest residue types that result in irreversible adsorption. For example, when 
using alanine (A) as the guest residue over the SAM–CH3 surface, which has a single 
methylene side–group, the adsorbed peptides did not desorb from the surface when the 
surface was flushed with bulk buffer solution within the time–frame of our experiment 
(see Figure 4–3). We therefore did not attempt to use this adsorption data to calculate the 
adsorption free energy for this system. These results suggest that, as a general rule, 
adsorption reversibility may only be obtained for fairly small peptides with few 
functional groups that strongly interact with the surface, and that larger, structured 
polypeptides and proteins with numerous functional group interactions should be 










Figure 4–3.  Response curves (SPR signal (RU) vs. time for TGTG–A–GTGT on SAM–
CH3 at 25˚ showing an irreversible adsorption process even for this small peptide.  The 
large drop in the SPR response when pure buffer was introduced at 90 sec. is primarily 
due to the bulk–shift effect.   
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4.4.5. Relevance of Results to Protein Adsorption Behavior 
The primary objective of this study was to develop an accurate experimental 
method that was sufficiently sensitive to be able to be used to quantitatively determine 
differences in adsorption behavior between different amino acid residues of a peptide and 
functional groups on a surface. While these results cannot be directly used to predict the 
adsorption behavior of more complex structured proteins, which involve structural effects 
that are not represented in our model system, we do believe that the general trends in 
functional group interactions that are revealed from these studies should translate, at least 
qualitatively, to general trends that influence the adsorption behavior of proteins to 
surfaces. Furthermore, in addition to providing fundamental insights into these types of 
adsorption processes at the amino acid residue level, we are also very interested in using 
these data as a basis for the development of molecular simulation methods, which, once 
properly validated, should be able to be used to accurately predict protein–surface 
interactions.114   
 
4.5. Chapter Summary and Conclusions 
A new experimental method for the characterization of peptide adsorption has 
been developed using a peptide model in the form of TGTG–X–GTGT on functionalized 
SAM surfaces. This method was specifically designed for SPR spectroscopy to enable 
bulk–shift effects to be directly determined and to enable the standard state adsorption 
free energy (Goads) to be calculated with minimal influence from peptide–peptide 
interactions at the adsorbent surface.   
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In this chapter we present the first application of this method to characterize the 
adsorption behavior of a series of six different peptide–SAM systems (TGTG–X–GTGT 
with X = V, D, and T on SAM–CH3 and –OH surfaces). The results from these studies 
demonstrate that the developed method is sufficiently sensitive to determine significant 
differences for peptides adsorbed on different types of surfaces and between peptides on 
a given SAM surface with relatively minor differences in their amino acid sequence.  
This new method thus provides an excellent experimental platform to characterize the 
thermodynamics of adsorption for peptide–surface interactions. In the next chapter, these 
methods are extended to calculate Goads for a broad range of additional peptide–SAM 
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With the increasing interest in protein adsorption in fields ranging from 
bionanotechnology to biomedical engineering, there is a growing need to understand 
protein–surface interactions at a fundamental level, such as the interaction between 
individual amino acid residues of a protein and functional groups presented by a surface. 
However, relatively little data are available that experimentally provide a quantitative, 
comparative measure of these types of interactions. To address this deficiency, the 
objective of Chapter V was to generate a database of experimentally measured standard 
state adsorption free energy (Goads) values for a wide variety of amino acid residue–
surface interactions using a host–guest peptide and alkanethiol self–assembled 
monolayers (SAMs) with polymer–like functionality as the model system. The host–
guest amino acid sequence was synthesized in the form of TGTG–X–GTGT where G & 
T are glycine and threonine amino acid residues and X represents a variable residue. In 
this chapter, we report Goads values for the adsorption of twelve different types of the 
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host–guest peptides on a set of nine different SAM surfaces, for a total of 108 peptide–
surface systems. The Goads values for these 108 peptide–surface combinations show 
clear trends in adsorption behavior that are dependent on both peptide composition and 
surface chemistry. These data provide a benchmark experimental data set from which 
fundamental interactions that govern peptide and protein adsorption behavior can be 
better understood and compared. 
 
5.1. Introduction 
Peptides have long been recognized as an important class of molecules in 
biochemistry, medicinal chemistry, and physiology124-127 and are becoming increasingly 
important in biomedical research63, 114, 128-129 and bionanotechnology,80 especially for areas 
related to peptide adsorption behavior at liquid–solid interfaces. For example, Sarikaya et al. 
and Serizwa et al. have performed a series of experiments to study the adsorption behavior 
of genetically engineered peptides (GEP) from phage display on various material 
substrates.81-85 From these studies, they showed that different sequences of the 20 primary 
amino acids exhibit a unique fingerprint of interaction with different material surfaces. The 
results of these studies are being used for the design of core–shell quantum dots as well as 
for other biomimetic applications in bionanotechnology. Peptide adsorption is also 
important in the study of peptides–lipid membrane interactions.130-132 White et al. have used 
pentapeptide’s models to study the partition free energy of unfolded polypeptides at cell 
membrane interfaces,86 from which they developed an experimentally based algorithm to 
predict the binding free energy and secondary structure of peptides and proteins that 
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partition into the lipid bilayer interface.87, 133-134 These studies are being used to provide 
insight into the processes that influence cellular function. 
An understanding of how peptides interact with surfaces is also very important for 
understanding protein adsorption behavior because, at a fundamental level, protein 
adsorption processes can be considered to be represented by the combination of the 
individual interactions between the amino acid residues making up a protein, the solvent 
environment, and the functional groups presented by a surface. Therefore, a quantitative 
understanding of the relative strength of adsorption for individual amino acid residues as 
a function of surface chemistry should provide insights into the adsorption behavior of 
whole proteins. Although it can be expected to be difficult to directly predict protein 
adsorption behavior based on peptide–surface interactions alone,135 protein adsorption 
behavior can be predicted through the use of empirical force field–based molecular 
simulation methods.7-8, 28, 114, 119-120  However, the ability of empirical force field methods 
to accurately predict protein adsorption behavior first requires that force field parameters 
be validated to accurately represent atomistic–level interactions between amino acid 
residues and functionalized surfaces;136 this in turn requires that a suitable benchmark 
experimental data set be available from which molecular simulation results can be 
compared and assessed.136-137   
The objective of this chapter was therefore to generate a database of 
experimentally measured standard state adsorption free energy (Goads) values for a wide 
variety of peptide–surface combinations using a relatively simple adsorption system so 
that adsorption behavior between different amino acid residues and surface functional 
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groups can be quantitatively evaluated. The Gibbs free energy function was selected as 
the most appropriate parameter to be determined for these studies because it provides a 
direct assessment of the primary thermodynamic driving force that characterizes the 
overall tendency of a peptide to adsorb to a surface.9, 42, 138  Also, because the change in 
Gibbs free energy for peptide–surface interactions can be calculated by molecular 
simulation using a selected empirical force field,139 comparisons between the calculated 
and experimentally determined values of Goads can be used to assess the validity of a 
force field to represent the molecular behavior of this type of system.   
To achieve this objective we designed a host–guest peptide model in the form of 
TGTG–X–GTGT, where G and T are glycine and threonine, respectively, and X is a 
variable (guest) residue.  Functionalized alkanethiol self–assembled monolayers (SAMs) 
on gold were selected to provide the adsorbent surfaces.104, 140 Goads values were 
determined from adsorption isotherms generated by surface plasmon resonance 
spectroscopy (SPR) for each peptide–surface combination using methods that we 
previously published,106 which were designed to enable bulk–shift effects to be directly 
determined from each adsorption isotherm and to minimize the effects of solute–solute 
interactions at the surface for the accurate determination of Goads.   
In this chapter, we report on the application of these methods to characterize the 
adsorption behavior of 12 different peptides on nine different SAM surfaces, thus 
providing a set of 108 different peptide–surface combinations. These results provide a 
quantitative measure of peptide adsorption behavior at a liquid–solid interface as a 
function of amino acid type and surface functionality, thus providing insights for 
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understanding peptide and protein adsorption behavior for applications in 
bionanotechnology and biomedical engineering. Moreover, these results provide an 
experimental benchmark data set that can be used to support the evaluation, modification, 
and validation of force field parameters for the simulation of peptide and protein 
adsorption behavior.7, 114  
 
5.2. Experimental Methods 
5.2.1. Alkanethiol SAM Surfaces.   
All alkanethiols used in these experiments for the formation of the SAM 
monolayers on gold had a structure of HS–(CH2)11–R with the following R terminal 
groups:  –OH, –CH3, –NH2, –COOH, –COOCH3, –NHCOCH3, –OC6H5, –OCH2CF3 or –
(OCH2CH2)3OH (i.e., –EG3OH) (alkanethiols purchased from Aldrich, Milwaukee, WI, 
USA; Prochimia, Sopot, Poland; or Asemblon, Redmond, WA, USA). These alkanethiols 
were selected to create surfaces that present functional groups similar to a broad range of 
organic polymers; for example: hydrogels and chitin (OH), polyethylene and 
polypropylene (–CH3), methyl acrylates and polyesters (–COOCH3), Nylons and chitin (–
NHCOCH3), and polystyrene and polyaromatics (–C6H5), as well as polymers with acidic 
(–COOH), basic (–NH2), and ethylene glycol (–EGnOH) functional groups.   
The bare gold surfaces for the SPR experiments were purchased from Biacore 
(SIA Au kit, BR–1004–05, Biacore, Inc., Uppsala, Sweden). Prior to use, all of the 
surfaces were sonicated (Branson Ultrasonic Corporation, Danbury, CT) at 50˚C for 1 
min in each of the following solutions in order: “piranha” wash (7:3 (v/v) H2SO4 (Fisher 
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Scientific, Fair Lawn, NJ) / H2O2 (Fisher Scientific, Fair Lawn, NJ, USA), and a basic 
solution (1:1:3 (v/v/v) NH4OH (Fisher Scientific, Fair Lawn, NJ, USA) / H2O2 / H2O). 
After each cleaning solution, the slides were rinsed with nano pure water and dried under 
a steady stream of nitrogen gas (National Welders Supply Co., Charlotte, NC, USA). The 
cleaned slides were rinsed with ethanol and incubated into the appropriate 1mM 
alkanethiol solution in 100% (absolute) ethanol (PHARMCO–AAPER, Shelbyville, KY, 
USA) for a minimum of 16 hours. The formation of monolayers from the amine–
terminated alkanethiols required additional procedures to be applied to avoid either 
upside–down monolayer and/or multilayer formation. These monolayers were assembled 
from basic solution to assure that the amine terminus remained deprotonated (i.e., 
uncharged), which helps prevent the formation of an upside–down monolayer and 
subsequent multilayer formation.141 Accordingly, the 100% (absolute) ethanol used to 
prepare the amine terminated thiols was adjusted to pH~12 by adding a few drops of 
triethylamine solution (Sigma Chemical Co., St. Louis, MO). After these pretreatments, 
each of the SAM surfaces was stored in their respective alkanethiol solutions in a dark 
environment until used to prepare the biosensor surfaces. 
After incubation in their respective alkanethiol solutions, all SAM surfaces were 
sonicated with 100% (absolute) ethanol, rinsed with nano–pure water, dried with nitrogen 
gas and characterized by ellipsometry (GES 5 variable–angle spectroscopic ellipsometer, 
Sopra Inc., Palo Alto, CA), contact angle goniometry (CAM 200 optical contact–angle 
goniometer, KSV Instruments Inc., Monroe, CT), and X–ray photoelectron spectroscopy 
(XPS, performed at NESCA/BIO, University of Washington, Seattle, WA). All XPS 
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spectra were taken on a Kratos Axis–Ultra DLD spectrometer and analyzed by the Kratos 
Vision2 program to calculate the elemental compositions from peak area. Once 
characterization confirmed the quality of each type of SAM surface, sensor chips for SPR 
were prepared by mounting the SAM–coated surfaces on the cartridges that go into the 
Biacore X SPR instrument. The cartridges were then docked with the SPR micro–fluidics 
channel and promptly used to perform an adsorption experiment following the procedures 
outlined below in 4.2.4  (SPR Adsorption Experiments). 
 
5.2.2. Host–Guest Peptide Model.  
 For our adsorption studies, we used a unique custom–designed model peptide, 
which was introduced in our previous paper.106 This peptide, which was synthesized by 
Synbiosci Corporation, Livermore, CA, was designed with an amino acid sequence of 
TGTG–X–GTGT with zwitterionic end–groups, where G and T are glycine (–H side chain) 
and threonine (–CH(CH3)OH side chain), and X represents a “guest” amino acid residue, 
which can be selected among any of the 20 naturally occurring amino acid types. The 
threonine residues and the zwitterionic end groups were selected to enhance aqueous 
solubility and provide additional molecular weight for SPR detection while the nonchiral 
glycine residues were selected to inhibit the formation of secondary structure, which, if 
present, would complicate the adsorption process and make the data more difficult to 
understand. The variable X residue was positioned in the middle of the peptide to best 
represent the characteristics of a mid–chain amino acid in a protein by positioning it 
relatively far from the zwitterionic end–groups. In this study, 12 different types of amino 
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acids were used for the X residue to vary the overall characteristics of the peptides. These 
12 amino acid residues are presented in Table 5–1. Each of these 12 peptides was 
synthesized and characterized by analytical HPLC and mass spectral analysis by Synbiosci 
Corporation, Livermore, CA, which showed that all of the peptides were ≥ 98 % pure.  
 
Table 5–1. 12 designated amino acids used for the –X– residue in TGTG–X–GTGT; 
each amino acid has the structure of (–NHCHRCO–) with R presenting the side chain 
structure as shown here. 
 
5.2.3. SPR Adsorption Experiments.   
While the details of the development of our experimental procedures are 
presented in a prior chapter, a brief description of these methods are presented here and in 
the following section.106 Adsorption experiments were conducted using a Biacore X SPR 
spectrometer (Biacore, Inc., Piscataway, NJ) with 10 mM phosphate buffered saline (PBS; 
140 mM NaCl, pH=7.4; Fisher Scientific, Fair Lawn, NJ) used as the running buffer, 
filtered and degassed before each SPR experiment. 
Eight concentrations of each of the peptide solutions (0.039, 0.078, 0.156, 0.312, 
0.625, 1.25, 2.50, 5.00 mg/mL) were prepared in the filtered and degassed 10 mM PBS 
–X– residue Side Chain (R) Property 
Leucine (L) –CH2–CH–(CH3)2 Non–polar 
Phenylalanine (F) –CH2–C6H5 Aromatic 
Valine (V) –CH(CH3)2 Non–polar 
Alanine (A) –CH3 Non–polar 
Tryptophan (W) –CH2–indole ring (C8H6N) Aromatic 
Threonine (T) –CH(CH3)OH Neutral polar 
Glycine (G) –H Non–chiral 
Serine (S) –CH2–OH Neutral polar 
Asparagine (N) –CH2–CO–NH2 Neutral polar 
Arginine (R) –(CH2)3–NH–C(NH2)2
+ (pK=12.52)115  Positively charged 
Lysine (K) –(CH2)4–NH3
+ (pK=10.78)115  Positively charged 
Aspartic Acid (D) –CH2COO
− (pK=3.97)115  Negatively charged 
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through serial dilutions of stock solutions of the peptide in clean vials. The pH of each 
stock solution was adjusted to 7.4 with 0.1 N NaOH (Sigma Chemical Co., St. Louis, MO) 
or 0.1 M HCl (Mallinckrodt Chemical, Inc, Paris, KY) before dilution. The actual 
concentration of the stock and diluted peptide solution was then calibrated by BCA 
analysis (BCA protein assay kit, prod. 23225, Pierce, Rockford, IL) against a BSA 
standard curve and by the  measurement of solution refractive index (AR 70 Automatic 
Refractometer, Reichert, Inc, Depew, NY).  
Before the adsorption experiment, the SPR sensor chip was docked in the 
instrument and pretreated following a standard protocol that involved several injections 
of 0.3 vol. % Triton X–100 (Sigma Chemical Co., St. Louis, MO) followed by a “wash” 
operation, which is necessary to obtain a stable SPR sensorgram response using this 
instrument. After the initial preparation step, each surface was prepared for an adsorption 
measurement by running 50 μL injections of concentrated peptide solution (5.0 mg/ml) 
over the SAM surface several times followed by PBS wash until a fully reversible 
adsorption signal was obtained. Then, eight different concentrations of each peptide 
solution were injected over each functionalized–SAM SPR chip in the random order with 
a flow rate of 50 μL/min followed by the PBS wash to desorb the peptide from the 
surface. Finally a blank buffer injection was administered to flush the injection port and a 
set of regeneration injections were then performed to prepare the surface for the next 




5.2.4. Data Analysis.   
As described in Chapter IV,106 the equations that are used for the determination of 
Goads from the adsorption isotherms that are generated from the raw SPR data plots were 
derived based on the chemical potential of the peptide in its adsorbed state compared to 
being in bulk solution. The reversibility of the adsorption process is an essential condition 
for the application of these equations and was assessed for each peptide–surface system 
by comparing the SPR signal before the injection of peptide sample to the SPR signal 
after the period of desorption from SPR sensorgram under the same flow rate conditions. 
The SPR signal before adsorption and after desorption must be equal for a reversibly 
adsorbing system. Goads values were only determined for peptide–surface systems that 
exhibited this characteristic behavior, with reversible thermodynamics then used to model 
the experimental data for the peptide–surface pairs that did not exhibit irreversible 
adsorption behavior. Once adsorption reversibility was ascertained, Goads was 
determined by the following procedures (see Chapter IV for a more detailed description 
of the development of these relationships). 
SPR sensorgram in the form of resonance units (RU; 1 RU = 1.0 pg/mm2)142 vs. 
time were recorded for six independent runs of each series of peptide concentrations over 
each SAM surface at 25 °C and the data were then used to generate isotherm curves for 
analysis by plotting the raw SPR signal vs. peptide solution concentration. During an 
SPR experiment to measure the adsorption of a peptide to a surface, the overall change in 
the SPR signal (i.e., the raw SPR signal) reflects both of the excess amount of adsorbed 
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peptide per unit area, q (measured in RUs), and the bulk–shift response, which is linearly 
proportional to the concentration of the peptide in solution. This can be expressed as: 








        (5–1) 
where Cb (moles/L, M) is the concentration of the peptide in bulk solution, C° is the 
peptide solution concentration under standard state conditions (taken as 1.0 M), m (RU/M) 
is the proportionality constant between the peptide concentration in the bulk solution and 
the bulk shift in the SPR response, K (unitless) is the effective equilibrium constant for 
the peptide adsorption reaction, and Q (RU) is amount of peptide adsorbed at surface 
saturation. Equation (5–1) was best–fitted to each isotherm plot of the raw SPR response 
vs. Cb by non–linear regression to solve for the parameters of Q, K, and m using the 
Statistical Analysis Software program (SAS Institute, Cary, NC). For a reversible 
adsorption process under equilibrium conditions,106 the concentration of the peptide at the 
surface (Cs (moles/L, M)) can be expressed as: 
bs CqC  /  ,        (5–2) 
where  (mm) is the thickness of the adsorbed layer and the unit of q is now (micro–
moles/mm2), transferred from RU/ Mw where 1 RU = 1.0 pg/mm
2 and Mw is the 
molecular weight (g/mole) of the peptide in test. When Cb approaches zero, under which 
conditions peptide–peptide interactions at the surface are minimized, the combination of 
equations (5–1) and (5–2) give: 


















    (5–3) 
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where Q has the unit of (micro–moles/mm2), also transferred from RU/ Mw where 1 RU 
= 1.0 pg/mm2 and Mw is the molecular weight (g/mole) of the peptide in test. Now, based 
on the chemical potential of the peptide at the interface being equal to the chemical 
potential of the peptide in solution under equilibrium conditions106 and equation (5–3), 
the adsorption free energy can be expressed as: 











     (5–4) 
Equation (5–4) thus provides a relationship for the determination of Goads 
(kcal/mol) for peptide adsorption to a surface with minimal influence of peptide–peptide 
interactions based on experimentally determined parameters Q and K and the 
theoretically defined parameter , where R (kcal/mol·K) is gas constant and T (K) is 
environmental temperature. The parameter is determined by assuming that its value is 
equal to twice the average outer radius of the peptide in solution with the peptide 
represented as being spherical in shape. The value of Rpep (radius of peptide molecule) is 
calculated as:106   
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where Vpep is the molecular volume of the peptide,  is the specific volume for a peptide 
or protein in solution, which is approximately 0.73 cm3/g,112 and Mw is the molecular 
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weight of the peptide. For a peptide sequence of TGTG–X–GTGT peptide with X 
representing an amino acid with an average residue molecular weight of Mw = 118.9 
Da,113 which results in Mw = 769.3 Da for the peptide, equation (5–5) gives a value of  = 
12.1 Å. Molecular dynamics simulations with similar peptides show this to be a very 
reasonable value for the adsorbed layer of this peptide.114, 33 Using theoretical values of , 
which are calculated for each peptide (see Table 5–2), combined with the values of Q and 
K, which are determined from the isotherm plots, Goads can be determined for each 
peptide–SAM system using equation (5–4). Although this procedure for the calculation of 
Goads involves this theoretical parameter, , it can be readily shown that the value of 
Goads is actually fairly insensitive to the values of ,106 thus providing a high level of 
robustness for the determination of Goads using this method. 
 
Table 5–2.  Calculated values of Mw and  for each peptide. 
Guest Residue (–X–) –L– –F– –V– –A– –W– –T– –G– –S– –N– –R– –K– –D–
Peptide Mw (g/mole) 764 798 750 722 837 752 708 738 765 807 779 765





5.3. Results and Discussion 
5.3.1. Surface Characterization.   
Table 5–3 presents the advancing water contact angle, layer thickness, and atomic 
composition for each of the nine SAM surfaces. All of the values in Table 5–3 fall within 
the expected range for these types of surfaces.10, 118, 143-148  
The XPS results show that the surfaces contain the expected elemental 
composition with minimal levels of contamination, and the thicknesses indicate that each 
SAM surface is composed of a complete monolayer of the respective alkanethiol as 
opposed to a multi–layer. These results thus indicate that the SAM surfaces used in this 
study were of high quality and appropriately represented the intended surface chemistries 
for our peptide adsorption experiments. 
 
Table 5–3.  Atomic composition (by XPS), advancing contact angle (by deionized water 
in air) and layer thickness (by ellipsometry) results for Au–alkanethiol SAM surfaces 
with various functionalities. An asterisk (*) indicates negligible value. (Mean (± 95% 
confidence interval), N = 3.) 
 
Surface Moiety C (%) S (%) N (%) O (%) F (%) Contact Angle (˚) Thickness (Ǻ)
SAM–OH 56.7 (0.8) 2.8 (0.6) * 7.5 (0.2) * 15.5 (2.1) 13.0 (1.0) 
SAM–COOH 47.6 (1.8) 1.6 (0.1) * 7.6 (0.3) * 17.9 (1.3) 15.8 (1.9) 
SAM–(EG)3OH 54.8 (0.3) 2.3 (0.1) * 13.2 (0.6) * 32.0 (3.3) 19.0 (3.0) 
SAM–NH2 54.0 (0.9) 2.0 (0.2) 4.0 (0.3) 3.3 (0.3) * 47.6 (1.8) 14.7 (2.5) 
SAM–NHCOCH3 48.6 (0.6) 1.7 (0.1) 4.0 (0.1) 6.0 (0.7) * 48.0 (1.5) 17.0 (2.0) 
SAM–COOCH3 45.4 (4.3) 2.5 (0.2) * 10.8 (0.6) * 62.8 (1.7) 11.0 (4.8) 
SAM–OC6H5 56.2 (0.9) 2.4 (0.2) * 5.3 (0.9) * 80.0 (4.1) 14.4 (4.0) 
SAM–OCH2CF3 44.1 (2.0) 1.7 (0.2) * 6.2 (1.1) 13.0 (0.5) 90.5 (0.8) 16.1 (4.4) 
SAM–CH3 64.9 (0.7) 2.8 (0.2) * * * 110.0 (3.0) 11.0 (1.0) 
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5.3.2. SPR Adsorption Analysis.   
Adsorption isotherms for each of our 108 peptide–SAM systems were generated 
from the raw experimental data by plotting the changes in RU vs. peptide solution 
concentration. Examples of the raw SPR data (RU vs. time) and the corresponding 
isotherms (RU vs. solution concentration) are shown in Figures 5–1 and 5–2, respectively. 
Values of the parameters Q, K, and m were then determined by fitting equation (5–1) to 
each of the data plots by non–linear regression using SAS, and these parameters were 
then used to calculate Goads for each peptide–SAM system from equation (5–4). The 
resulting values for Q, K, and m are presented in the supplementary information section 
and the subsequent values of Goads are presented in Table 5–4. As shown in Table 5–4, 
the peptides are grouped with respect to the side–group functionality of their guest (X) 
residue (i.e., nonpolar, polar, or charged characteristic). The SAM surfaces in Table 5–4 
are listed at the top of the columns from left to right in order of their respective degree of 
hydrophilicity as determined by their contact angle values as presented in Table 5–2. 
Each of the SAMs represents a neutrally charged functional group, except for the COOH 
and NH2 SAMs, which represent negatively and positively charged groups, respectively, 
with pKd values of 7.4 and 6.5, respectively, based on bulk–solution conditions.
149 The 
peptides in Table 4 are listed according to the standard hydrophobicity scale of the guest 
residue as reported by Hessa et al.,150 beginning with the most hydrophobic amino acid, 












Figure 5–1.  Response curves (SPR signal (RU) vs. time for TGTG–L–GTGT on (A) 
SAM–CH3 and (B) SAM–OH surface. (Not all of the concentration curves are listed for 
clarity sake because some of the low concentration curves overlap one another and are 




















































































Figure 5–2. Corresponding adsorption isotherm for TGTG–L–GTGT on both of SAM–
OH (solid line) and SAM–CH3 surfaces (dotted line). Note that the adsorption response 
plotted on the y–axis includes bulk–shift effects, which are linearly related to solution 



























Table 5–4.  Values of Goads (kcal/mol) for peptide–SAM combinations. An asterisk (*) 
indicates a condition in which peptide adsorption was so strong that it was considered to 
be irreversible, in which case Goads could not be determined. The guest amino acids (X) 
are ranked by a standard hydrophobicity scale150 from the most to least degree of 
hydrophobicity. (Mean (± 95% confidence interval), N = 6.) 
 
In the following paragraphs, we address the correlation between peptide 
adsorption affinity for these SAM surfaces, as indicated by ΔGoads, and the 
hydrophobicity characteristics of both the SAM surfaces and the peptides involved. The 
overall value of ΔGoads is a summation of all the energetic contributions that influence the 
adsorption behavior of the peptide under standard state conditions at constant temperature 
and pressure. These interactions involve the changes in secondary bonding interactions of 
the functional groups making up the peptide and the SAM surface with each other and the 
surrounding water molecules and ions (enthalpic contributions), and the influence of the 
adsorption process on both the conformational state of the peptide, SAM, and the solvent 
(entropic contributions).  From a thermodynamic point of view, the process of adsorption 
–X– –OH –COOH –EG3OH –NH2 –NHCOCH3 COOCH3 –OC6H5 –OCH2CF3 –CH3 
Non–Polar Guest Residues 
–L– –0.003 (0.001) –1.30 (0.43) –0.40 (0.28) –2.34 (0.80) –1.04 (0.30) –2.06 (0.31) –2.68 (0.72) –3.09 (0.31) –3.87 (0.69)
–F– * * –0.30 (0.13) * –2.44 (0.40) * * –3.97 (0.24) –4.16 (0.16)
–V– –0.002 (0.001) –1.11 (0.31) –0.26 (0.06) –3.90 (0.12) –0.16 (0.10) * * –3.99 (0.22) –4.40 (0.31)
–A– * * –0.97 (0.36) * * * * * * 
–W– –0.001 (0.001) –1.14 (0.52) –1.72 (0.33) –2.71 (0.32) –1.94 (0.45) –0.92 (0.36) –1.65 (0.60) –3.42 (0.27) –3.89 (0.34)
Polar Guest Residues 
–T– –0.001 (0.001) –0.87 (0.46) –0.28 (0.15) –3.15 (0.50) –0.16 (0.09) –0.40 (0.14) –2.89 (0.75) –2.81 (0.40) –2.76 (0.28)
–G– –0.001 (0.001) –0.68 (0.36) –0.30 (0.20) –2.56 (0.32) –1.86 (0.20) –1.18 (0.30) –3.51 (0.22) –3.30 (0.37) –3.40 (0.39)
–S– –0.002 (0.001) –1.10 (0.10) –0.34 (0.11) –2.09 (0.98) –1.49 (0.47) –1.55 (0.26) –3.20 (0.28) –3.22 (0.24) –2.75 (0.23)
–N– –0.004 (0.003) –0.86 (0.38) –0.59 (0.11) –3.22 (0.41) –1.64 (0.23) –1.37 (0.68) –3.02 (0.16) –3.41 (0.32) –4.33 (0.62)
Charged Guest Residues 
–R– –0.002 (0.001) –1.53 (0.19) –0.20 (0.10) –3.03 (0.31) –1.60 (0.80) –1.17 (0.35) –2.26 (0.82) –3.45 (0.31) –4.15 (0.55)
–K– –0.001 (0.001) –1.71 (0.19) –0.19 (0.07) –3.14 (0.20) –0.12 (0.07) –1.77 (0.07) –3.35 (0.25) –3.54 (0.45) –3.34 (0.39)
–D– –0.003 (0.001) –1.06 (0.09) –0.44 (0.14) –3.75 (0.20) –1.93 (0.52) –1.34 (0.50) –3.89 (0.23) –3.59 (0.37) –3.54 (0.60)
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will spontaneously occur if ΔGoads < 0, with lower values of ΔG
o
ads (i.e., more negative) 
indicating a stronger adsorption response.   
 
5.3.3. Correlation Between Peptide Adsorption & Surface Hydrophobicity.  
Figure 5–3 presents a plot of the Goads values from Table 5–4 versus the 
respective cosine of the contact angle values for each SAM surface (contact angle values 
are presented in Table 5–3). The Goads values shown in Figure 5–3 represent the mean 
(± 95% confidence intervals (CI)) of the Goads values from all of the host–guest peptides 
that exhibited reversible adsorption behavior on each SAM surface (i.e., peptides with X 
= A, F, and V, which tended to adsorb irreversibly, were excluded from these average 
values). The cosine of contact angle values here, which can be related to the free energy 
of replacement of water at the surface with the adsorbed peptide monolayer,144 provide an 
energetic scale for the peptide adsorption behavior on the different surfaces.  
As clearly indicated in Figure 5–3, the lowest mean Goads value (i.e., greatest 
adsorption affinity) was obtained on the SAM–CH3 surface with the highest contact angle 
value and the highest mean Goads value (i.e., least adsorption affinity) was obtained on 
the SAM–OH surface with the lowest contact angle value. These results also clearly show 
that this general relationship holds for each of the neutrally charged SAM surfaces, with 
peptide adsorption affinity increasing (i.e., Goads gets more negative) in a manner that 
strongly correlates in a linear manner with the hydrophobicity of the SAM surfaces over 








































then be understood as reflecting a decrease in the energetic cost of displacing interfacial 
water between the surface and our peptide models as surface energy decreases, resulting 
in a concomitantly stronger free energy change (more negative ΔGoads). However, in 
addition to the general linear trend in Figure 5–3, the substantial amount of scatter around 
each data point from this trend–line suggests that specific functional group interactions 
also substantially influence the adsorption behavior. This same general trend is apparent 
for the charged SAM surfaces, but with an additional contribution of adsorption affinity 
due to the presence of relatively strong electrostatic interactions, which was expected 









Figure 5–3.  Goads (kcal/mol) vs. cosine (contact angle) for TGTG–X–GTGT on SAM 
surfaces with various functionalities. The ΔGoads values represent the average value of all of 
the host–guest peptides that exhibited reversible adsorption behavior on each SAM surface 
(i.e., peptides with X = A, F, and V, which tended to adsorb irreversibly, were excluded 
from these average values). The blue line shows the linear regression for the non–charged 












































5.3.4. Correlation Between Peptide Adsorption & Amino Acid Hydrophobicity Scale  
As noted in the previous subsection, Figure 5–3 shows a strong correlation 
between the hydrophobicity of the SAM surface and the strength of adsorption for this set 
of peptides. In addition to this relationship, the adsorption behavior of the peptides can 
also be evaluated as a function of their relative degree of hydrophobicity based on the 
amino acid hydrophobicity scale of Hessa et al.150 To investigate these relationship, we 
separated the SAM surfaces into three general groups based on their water contact angle: 
strongly hydrophobic (contact angle > 65°), hydrophilic (contact angle < 65°), and 
charged (SAM–COOH and SAM–NH2) and then plotted Goads for each of the host–
guest peptides in rank order from left to right with respect to their relative degree of 







Figure 5–4. Comparisons of Goads for each peptide on the hydrophobic surfaces (water 
contact angle > 65°): SAM–CH3, SAM–OCH2CF3 and SAM–OC6H5 surfaces. The amino 
acid label across the top of each set of columns designates the X residue of the TGTG–
X–GTGT peptide. Peptides are ordered by a standard hydrophobicity scale150 from the 
most–to–least degree of hydrophobicity. (An asterisks (*) indicates that adsorption was 





















TGTG-X-GTGT on SAMs with various surface moiety







































































Figure 5–5. Comparisons of Goads for each peptide on neutrally charged relatively 
hydrophilic surfaces (water contact angle < 65°): SAM–COOCH3, SAM–NHCOCH3, and 
SAM–EG3OH surfaces. The amino acid label across the top of each set of columns 
designates the X residue of the TGTG–X–GTGT peptide. The SAM–OH surface is not 
included in this plot because Goads = 0.0 for each reversibly adsorbed peptide on this 
surface. (An asterisks (*) indicates that adsorption was irreversible. The error bar 








Figure 5–6. Comparisons of Goads for each peptide on the charged surfaces: SAM–
COOH and SAM–NH2 surfaces. The amino acid label across the top of each set of 
columns designates the X residue of the TGTG–X–GTGT peptide. An asterisks (*) 
indicates that adsorption was irreversible. The error bar represent the 95% C.I. with N=6.) 
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5.3.5. Hydrophobic Surfaces.   
The SAM–CH3, SAM–OCH2CF3 and SAM–OC6H5 surfaces are regarded as 
hydrophobic because of their high surface contact angle (> 65°). The presence of 
hydrophobic groups on these surfaces should be reflected in their ability to interact with 
hydrophobic groups presented by molecules in aqueous media. Although still not fully 
understood, hydrophobic interactions are believed to originate from the perturbed 
structure of water molecules adjacent to non–polar functional groups compared to the 
bulk solvent such that when two non–polar functional groups are brought together, part of 
this ordered hydration shell is released to the bulk solution with a corresponding increase 
in system entropy and subsequent decrease in free energy. 106, 151-153  
Figure 5–3 shows the Goads of our set of 12 different guest amino acid residues 
for our host–guest TGTG–X–GTGT peptides on the hydrophobic SAM surfaces. For this 
peptide model, the peptides differ only by the side–chain structure of the middle guest 
amino acid residue (X) and thus the characteristics of this amino acid can be expected to 
primarily be responsible for the differences in the observed adsorption behavior of the 
peptide. From the results shown in Figure 5–4, it should first be noted that when T and G 
were used as the guest residues, the guest residue had the same characteristics as the host 
amino acid residues. For these cases, the peptides adsorbed with moderately strong 
adsorption affinity to each of these three hydrophobic SAM surfaces with an overall 
average of Goads= – 3.1 kcal/mol.  Comparison of this value with the Goads values of 
the full set of peptides, which range from – 2.5 to – 4.5 kcal/mol, provides an indication 
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of the relative strength of adsorption for each guest amino acid compared to G and T 
amino acids, which fall in the middle of this hydrophobicity scale.  
Taking into consideration that irreversible adsorption indicates binding affinity 
that was too strong to be measured using our adsorption isotherm method, it is apparent 
from Figure 5–4 that in several cases substitution with a guest residue that rank relatively 
high on the hydrophobicity scale (e.g., F, V, and A with aromatic, aliphatic, and aliphatic 
side chains, respectively) resulted in relatively high binding affinity to these surfaces, as 
expected. This behavior, however, was not entirely consistent, with several of the 
peptides with a lower degree of hydrophobicity compared with T and G (e.g., N and R, 
which have polar and positively charged side chains, respectively) exhibiting as strong, if 
not stronger, binding affinity than the peptides with guest amino acids that rank higher on 
the hydrophobicity scale (e.g., L and W amino acids with aliphatic and aromatic side 
chains, respectively). These results indicate that the adsorption behavior of an 
unstructured peptide to a hydrophobic surface is not strongly influenced by the 
hydrophilicity of the amino acid residues making up the peptide. We propose the 
following reasons to explain this somewhat unexpected adsorption behavior. First, each 
amino acid in our host–guest peptide model contains non–polar functional groups (e.g., 
CH, CH2 and CH3 groups). Secondly, we purposely designed our peptide model to be 
unstructured and flexible in order to prevent the formation of secondary structure. We 
propose that the combination of these characteristics enabled these peptides to interact 
with their aliphatic and/or aromatic segments hydrophobically adsorbed to the SAM 
surfaces while their hydrophilic functional groups were positioned in a manner to remain 
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hydrated and away from the hydrophobic groups on the SAM surface. This behavior may 
thus explain why even the peptide with the most hydrophilic guest residue (i.e., D) 
adsorbed to the hydrophobic surfaces with an affinity that was just as strong, if not 
stronger, than the affinity of the most hydrophobic guest residue (i.e., L).  
 
5.3.6. Neutral Hydrophilic Surfaces.   
The SAM–COOCH3, SAM–NHCOCH3, SAM–EG3OH, and SAM–OH surfaces 
are regarded as hydrophilic because of their relatively low surface contact angle (< 65°) 
compared with the hydrophobic SAMs. For this set of SAM surfaces, the SAM–
NHCOCH3 and SAM–COOCH3 are moderately hydrophilic (contact angles between 45° 
to 65°) with a combination of both hydrophobic and hydrogen bondable hydrophilic 
groups, while the SAM–EG3OH and SAM–OH surfaces are much more hydrophilic 
(contact angles < 35°) and are considered to possess only hydrogen bondable groups. 
Figure 5–5 shows the Goads values for the 12 different guest residues in our host–guest 
peptide models on the SAM–NHCOCH3, SAM–COOCH3 and SAM–EG3OH surfaces, 
with the results for the SAM–OH being omitted due to the fact that Goads = 0.0 kcal/mol 
for each of the reversibly adsorbing peptides on this surface.  
Considering the adsorption affinity of the peptides to the moderately hydrophilic 
SAM–NHCOCH3 and SAM–COOCH3 surfaces, the results in Figure 5–5 show similar 
trends as with the hydrophobic surfaces shown in Figure 5–4 in terms of a lack of strong 
correlation as a function of the peptide hydrophobicity scale. These surfaces, however, 
did exhibit significantly lower binding affinity for the peptides in general compared to the 
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hydrophobic SAM surfaces, with Goads values generally falling between – 1.0 and – 2.0 
kcal/mol. The lack of strong correlation as a function of the peptide hydrophobicity scale 
on these SAM surfaces is attributed to the presence of the hydrophobic groups on both of 
the surfaces combined with the hydrophobic groups present in each of the peptides as 
discussed in the previous section. The significantly lower adsorption affinity of the 
peptides to these surfaces is attributed to the ability of the hydrophilic groups of the 
SAM–NHCOCH3 and SAM–COOCH3 surfaces to form hydrogen bonds with water, thus 
making it more difficult for the peptides to displace the adsorbed water layer from the 
surface. Despite their more hydrophilic nature, these SAM surfaces still yielded a greater 
incidence of irreversible adsorption for the peptides that possessed strongly hydrophobic 
guest residues (i.e., F, V, and A).   
As shown in Figure 5–5 and Table 5–4, the adsorption affinity of the peptides on 
the most hydrophilic SAM surfaces, SAM–EG3OH and SAM–OH, was very low. Except 
for a couple notable exceptions (i.e., A and W guest residues), the SAM–EG3OH surfaces 
provided Goads > – 0.5 kcal/mol, thus showing relatively high resistance to adsorption, 
while the SAM–OH surface generally provided even lower adsorption affinity with 
Goads = 0.0 kcal/mol. The non–adsorptive behavior for both of these SAM surfaces can 
be understood to result from a tendency for the functional groups on the SAM surface 
and the hydrogen–bondable groups of the peptides to form hydrogen bonds with the 
surrounding water molecules just as strongly as the tendency to form hydrogen bonds 
between the peptide and the SAM surface, thus providing little thermodynamic driving 
force to preferentially favor peptide adsorption. Notable exceptions for the adsorption 
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behavior on the SAM–OH surface were found for the highly hydrophobic guest residues 
of F and A, which exhibited irreversible adsorption behavior even on this surface. In the 
case of A as guest residue, which has a single methylene side–group, it is believed that 
the relatively small size of the OH group of the monolayer enabled the relatively compact, 
hydrophobic side group of analine to insert in between the OH groups of the SAM 
surface to hydrophobically adsorb to the underlying alkane chains of the monolayer. This 
contention is further supported by the fact that irreversible adsorption behavior for these 
peptides was not observed on the SAM–EG3OH surface, in which case it is proposed that 
the increased thickness of the EG3OH surface groups creates a thicker surface layer that 
sterically prevents these peptides from being able to come into direct contact with the 
underlying alkane chains of the monolayer.  
While the irreversible adsorption behavior of the peptide sequence with F as guest 
residue to the hydrophobic SAM surfaces was not unexpected, its irreversible adsorption 
to several of the more hydrophilic SAM surfaces, including the SAM–OH, was surprising. 
These results, however, are in agreement with comparisons of the adsorption behavior of 
individual amino acids to bare silica in water as measured by liquid chromatography 
which have shown that phenylalanine amino acids (F) adsorb to a silica surface with an 
affinity approximately three times stronger that tryptophan (W).154-155 Currently we still 
have no explanation for this behavior and we are seeking to develop a better 




5.3.7. Charged SAM Surfaces.   
The SAM–COOH and SAM–NH2 surfaces were chosen to provide negatively 
charged and positively charged surfaces, respectively, in a solution with a pH of 7.4, with 
the pK values of these surfaces measured as 7.4 and 6.5, respectively, based on bulk 
solution conditions.149 Figure 5–6 shows the Goads values for the 12 different guest 
residues with our model peptide on the SAM–COOH and SAM–NH2 surfaces, with these 
results providing values in some cases that were expected and in other cases that were 
rather surprising.  
When considering only the adsorption behavior of the charged peptides, the 
results exhibit the generally anticipated trends, although the differences between the 
oppositely charged peptides for a given charged surface are smaller than expected. The 
peptide with the negatively charged D guest residue (–COOH side group, pK = 3.9)115 
did show slightly higher affinity for the positively charged SAM–NH2 surface than the 
peptides with the positively charged R and K guest residues (–NH2 side groups, pK = 
12.0 and 10.0, respectively),115 and the positively charged peptides with the R and K 
guest residues did show slightly higher affinity for the negatively charged SAM–COOH 
surface compared to the negatively charged peptide with the D guest residue. What was 
surprising for each of these cases, however, was the fact that for all three of these charged 
peptides, adsorption affinity was significantly higher for the SAM–NH2 surface than the 
SAM–COOH surface independent of whether the net charge of the peptide was the same 
or opposite of the charged surface. In fact, this same trend in adsorption behavior was 
also found for the peptides with the noncharged guest amino acid residues. This 
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difference is attributed to the relatively hydrophobic character of the SAM–NH2 surface 
compared to the strongly hydrophilic surface of the SAM–COOH surface, with 
hydrophobic effects thus dominating over the superimposed electrostatic effects for this 
peptide adsorption system. 
Another surprising finding from the results for the charged–SAM surfaces is that 
there is no obvious trend of the peptides with noncharged guest residues adsorbing to the 
charged surfaces differently from those with the charged guest residues. This interesting 
and unexpected behavior is attributed to the fact that each of the peptides in this TGTG–
X–GTGT peptide model was synthesized with zwitterionic end groups, with these 
oppositely charged end groups being separated by seven intervening mid–chain amino 
acid residues. This peptide design thus provides a mechanism for each of the peptides to 
interact with the charged SAM surfaces with its oppositely charged end group 
electrostatically attracted to the SAM surface with the same charged end group remaining 
hydrated and relatively far from the surface, with these types of interactions possibly 
controlling the overall adsorption behavior. The significant differences between the 
different peptides may then be caused by the influence of the guest residue on the 
conformational behavior of the peptide, which can be expected to influence the manner in 
which the zwitterionic end groups are able to interact with each surface.   
 
5.3.8. Relevance of Results to Protein Adsorption Behavior   
Many published studies (both experimental63, 106, 154, 156 and computational7-8, 28, 114, 
119, 139) have obtained free energy values for peptide adsorption to surfaces that fall within 
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a similar range of values as we have determined is this study, and these studies have also 
shown that adsorption free energy generally becomes more negative (i.e., stronger 
adsorption) as a peptide becomes larger due to the increase in the number of peptide–
surface interactions that are involved. This size effect, combined with our present 
findings of irreversible adsorption behavior for even these small peptides on several of 
these SAM surfaces, suggests that the adsorption of whole proteins, which involve orders 
of magnitude greater number of interactions between amino acids and surface functional 
groups, can be expected to be irreversible as a general rule on most surfaces. This is 
especially the case as surfaces become more hydrophobic, which tend to cause a protein 
to unfold and spread out over a surface,137, 157-158 which substantially increases the 
number of amino acid–surface interactions and contributes to the overall binding affinity.  
In our host–guest peptide model, we specifically designed the host sequence to 
contain threonine and glycine amino acids to provide hydrophilic character and to 
minimize the development of secondary structure, respectively, as an attempt to create a 
system whose adsorption response was dominated by differences caused by the presence 
of the guest amino acid residues. However, SPR experiments do not provide information 
regarding the orientation or the conformation of the peptides when they adsorb. Therefore, 
we cannot determine whether the observed differences in peptide adsorption behavior are 
directly due to the interactions of the guest peptides with the surfaces and their 
orientations on the surfaces (e.g., whether a guest amino acid is adsorbed with its side 
group facing towards the SAM surface or away from it), or if the differences in peptide 
adsorption behavior are actually due to the influence of the guest residues on the 
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conformational behavior of the overall peptide, which will also influence its adsorption 
behavior. Because of these difficulties, it is not possible to directly translate the results 
from these peptide adsorption studies to predict actual protein adsorption behavior. When 
an actual protein adsorbs to a surface, its amino acid residues are presented to the surface 
in a much more restrained manner and, in addition, the adsorption behavior is influenced 
by adsorption–induced structural changes in the protein itself. Differences between the 
peptide adsorption results obtained from these present studies and protein adsorption 
behavior is especially apparent when considering our results for the SAM surface with 
the 3–mer segment of ethylene glycol (SAM–EG3OH).  In this case we were surprised to 
find a measurable adsorption response, although still relatively small, given that it has 
been well documented that polyethylene glycol (PEG) functionalized surfaces are highly 
resistant to protein adsorption.159-163 These results suggest that the small, flexible 
characteristics of our peptides coupled with the short chain length of the EG3–OH 
functional groups enabled these peptides to interact with the EG3–OH chains in a manner 
that is distinctly different than a large structured protein. 
While these results thus cannot be directly applied to predict protein adsorption 
behavior, the main objectives of generating this large data set were to obtain insight into 
the adsorption behavior of short peptides and to support the development and validation 
of molecular simulation methods that do provide the potential to actually predict protein 
adsorption behavior.136 Molecular simulation methods, using empirical force fields, have 
already been well developed to simulate the folding/unfolding behavior of peptides and 
proteins in aqueous solution.164-167 Methods, however, have not yet been validated to 
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confidently simulate the adsorption behavior of peptides and proteins to functionalized 
surfaces.  The development of these methods require that the force field parameters that 
are used for the simulation of peptide adsorption behavior must first be properly 
evaluated, balanced, and validated so that they are able to accurately reflect the atomistic 
level interactions that govern peptide adsorption behavior. This can only be achieved if a 
benchmark data set is first available against which molecular simulation results can be 
directly compared; the results presented in Table 5–4 provide this data set. We are 
currently conducting molecular simulations for these same peptide–SAM surface systems 
and calculating adsorption free energy using the CHARMM force field.136, 139 From 
comparisons between these simulations and the experimental data provided from this 
present study, force field parameters will be able to be evaluated, tuned, and validated to 
accurately represent peptide adsorption behavior. Once validated, these methods will then 
be able to be combined with the methods already available to simulate protein 
folding/unfolding behavior to enable both protein–surface interactions and adsorption–
induced unfolding processes to be represented in the same simulation, thus providing the 
capability to accurately simulate the whole process of protein adsorption on a surface. 
Due to current limitations in computational power, such simulations will most likely be 
limited to the adsorption behavior of individual proteins at the present time. However, as 
computational power continues to grow, it is readily foreseeable that these methods will 
be able to be extended to the adsorption behavior of multiple proteins at the same time in 
order to simulate complex protein–protein interactions, such as Vroman effects and 
multilayer protein adsorption. 
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5.4. Chapter Summary and Conclusions 
In this chapter we have then presented results from the application of method 
developed from Chapter IV to characterize the adsorption behavior of a large series of 
108 different peptide–SAM systems involving 12 different zwitterionic peptides (TGTG–
X–GTGT with X = V, A, G, L, F, W, K, R, D, S, T and N; charged N and C termini) on 
nine different SAM surfaces (SAM–Y with Y=CH3, OH, NH2, COOH, OC6H5, (EG)3OH, 
NHCOCH3, OCH2CF3 and COOCH3). The results from these studies indicate that Goads 
for this model peptide on non charged surfaces generally correlates in a linear manner 
with the hydrophobicity of the surface as represented by its water contact angle, with 
specific interactions between the functional groups of the peptide and the SAM surfaces 
playing a secondary, but still significant role. Peptide adsorption behavior to the charged 
SAM surfaces also followed these same general trends, but with electrostatic effects 
providing an additional mechanism to enhance adsorption affinity, even for zwitterionic 






CORRELATION BETWEEN DESORPTION FORCE MEASURED BY ATOMIC 
FORCE MICROSCOPY (AFM) AND ADSORPTION FREE ENERGY 





SPR is a useful technique for measuring peptide–surface interactions; however, its 
usefulness is limited to the types of surfaces that can readily be formed as thin layers in 
nanometer scale on metallic biosensor substrates. AFM, on the other hand, can be used 
with any microscopically flat surface, thus making it more versatile for studying peptide–
surface interactions. AFM, however, has the drawback of data interpretation due to 
questions regarding peptide to probe–tip density. This problem could be overcome if 
results from AFM could be correlated with SPR results for a similar set of peptide–
surface interactions so that AFM studies using a standardized method could be extended 
to characterize peptide–surface interactions for surfaces that are not amenable for 
characterization by SPR. In this chapter, we present the development and application of 
an AFM method to measure adsorption forces for host–guest peptides sequence on 
surfaces consisting of alkanethiol self–assembled monolayers (SAMs) with different 
functionality. The results from these studies show that a linear correlation exists between 
these data and the adsorption free energy (Goads) values associated with similar set of 
peptide–surface systems available from SPR measurements. These methods will be 
extremely useful to both characterize the fundamental aspects underlying protein 
adsorption behavior and to provide a database that can be used for the evaluation, 
 116
modification, and validation of computational models to accurately predict protein 
adsorption behavior for material surfaces that are not amenable for use with SPR.  
 
6.1. Introduction  
Yang and Latour have specifically developed an experimental method for the 
characterization of peptide adsorption behavior that will enable Goads to be determined 
using SPR spectroscopy in a manner that minimizes the effects of peptide–peptide 
interactions at the adsorbent surface and provides a direct means of determining bulk-
shift effects.106 SPR was chosen because it is one of the most sensitive and directly 
applicable methods to characterize adsorption/desorption behavior to determine 
adsorption free energy. This technique is inherently suitable for the use with Au–
alkanethiol SAMs and has been widely applied in recent years to study both peptide and 
protein adsorption behavior. This method was also applied to characterize the adsorption 
behavior of a large series of 108 different peptide–SAM systems involving 12 different 
zwitterionic host–guest peptides (TGTG–X–GTGT where G and T are glycine and 
threonine with X = V, A, G, L, F, W, K, R, D, S, T and N; charged N and C termini) on 
nine different self–assembled monolayer (SAM) surfaces (SAM–Y with Y=CH3, OH, 
NH2, COOH, OC6H5, (EG)3OH, NHCOCH3, OCH2CF3 and COOCH3) to represent 
common functional groups contained in organic polymeric biomaterials.123 These results 
provide a values that can also be calculated by molecular simulation using a selected 
empirical force field 139 so that comparisons between the calculated and experimentally 
determined values of Goads can be used to assess the validity of the force field to 
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accurately predict protein adsorption behavior.7-8, 28, 114, 119-120 However, while SPR is a 
useful technique for measuring peptide–SAM surface interactions, its usefulness is 
limited to materials that can form high-quality uniform nanoscale–thick films on a 
metallic surface that can be used to generate an SPR signal. This limitation prevents the 
previously developed SPR methods to be used to assess peptide adsorption behavior on 
many types of polymers and ceramic materials that are of direct interest in the 
biomaterials field. Thus, alternative methods are needed to characterize peptide-surface 
interactions for these types of materials.  
 Compared to SPR, AFM has also been well studied for biological molecular 
recognition processes because of its high force sensitivity and the capability of operating 
under different physiological conditions and on any material with a microscopically flat 
surface.168-169 However, the main difficulties in measuring and interpreting molecular 
force data (adsorption behavior) for peptide–surface interactions using AFM comes from (i) 
force spectroscopy does not provide an immediate way to discriminate between the 
specific peptide-surface interactions from the nonspecific probe tip–surface interactions, 
and (ii) the absence of a reliable way to determine the number of interacting molecules 
for a corresponding force measurement.170 A solution to the first difficulty is provided by 
linking the interacting molecules to the probe surfaces of an AFM tip or the substrate’s 
surface with long flexible polymer tethers that can provide a defined tip–sample distance 
to spatially isolate the nonspecific probe–sample interactions from the protein or peptide–
surface interaction.74, 171-175 In addition, if the polymer tether length is longer than the 
protein or peptide molecules tethered, they will remain flexible during the adsorption 
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process thus allowing the desorption force for peptide–surface interaction measured in an 
environment that closely resembles a natural solution environment.73, 176 Regarding the 
uncertainty about the peptide density on the probe tip, which results in the uncertainty of 
the individual peptide–surface force contributions from the net AFM force signal, we 
propose to use a standardized AFM protocol and determine its level of correlation with 
∆Goads results that are obtained by SPR for a similar set of peptide–surface interactions.  
If a strong correlation can be shown, this will provide a means of using a standardized 
AFM technique to characterize the thermodynamics of peptide adsorption processes.177 
AFM studies using this standardized method could then be extended to characterize 
∆Goads values of peptide–surface interactions for surfaces that are not amenable for 
characterization by SPR. The significance of this work is that it will provide a more 
versatile approach to generate benchmark adsorption free energy values for the validation 
of empirical force field parameters that can be used for a much broader range of materials 
than is currently available with the previously developed SPR methods alone. 
As presented below, the host-guest peptide model that was used in Chapters IV 
and V must be slightly modified by the substitution of a cysteine residue so that the 
peptide can be tethered from the AFM tip. The first objective of the research reported in 
this chapter was therefore to conduct preliminary studies to confirm that this substitution 
can be made without substantially changing the adsorption behavior of the peptide. If this 
can be shown, then the values of ∆Goads determined in Chapter V can be directly 
correlated with the AFM results using the modified peptide model. The subsequent 
objectives of this chapter were then to conduct AFM experiments to (i) measure peptide–
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surface desorption forces for a similar set of peptide–surface systems for which adsorption 
free energy (∆Goads) values are available from SPR measurements from Chapter V
106, 123 
and (ii) to determine if a linear correlation exists between the AFM and SPR data so that 
these methods can be applied to estimate the values of ∆Goads for peptide–surface systems 
that cannot be readily tested by SPR.  
To achieve these objectives, a standardized AFM protocol was developed and 
applied to measure the molecular force of interaction (adsorption behavior) between three 
different types of the host–guest peptides that were specially designed with an amino acid 
sequence of TGTG–X–GTCT (i.e., G8:C8 substitution compared to host-guest peptide 
used in Chapters IV and V) where G, T and C are glycine, threonine and cysteine 
respectively (X = leucine, aspartic acid and valine) with zwitterionic end groups on a set of 
six different SAM surfaces (SAM–OH, –CH3, –NH2, –NHCOCH3, –OCH2CF3 or –
(OCH2CH2)3OH), for a total of 18 peptide–surface systems. The peptides were attached via 
the C (cysteine) amino acid to the AFM tip by a 3.4 kDa PEG tether (polydispersity index 
=1.08) as illustrated in Figure 6–1.  
We report here the results from these studies. These results first show that the 
G8:C8 substitution does not make a significant difference in the adsorption behavior of 
the host-guest peptide, and that the desorption force obtained from the standardized AFM 
test method that we developed to characterize peptide–surface interactions is strongly 
correlated in a linear manner with ∆Goads measured from SPR.  These results thus support 
the possibility of estimating ∆Goads from this correlation for peptide adsorption to 





















Figure 6–1. AFM Tip linkage. Peptide sequences are coupled to AFM tips via a 
polyethylene glycol (PEG) crosslinker. The n–hydroxy–succinimide (NHS) end of the 
PEG is covalently bound to amines on the tip before the peptide is directly attached to the 
pyridyldithio–propionate (PDP) end via cysteine. 
 
6.2 Material & Methods  
6.2.1. Surface Chemistry  
For SPR studies, alkanethiol SAM surfaces on gold123 and a spin–coated 
poly(methyl-methacrylate) film on gold were used to determine ∆Goads values associated 
with peptide–surface interactions. For AFM studies, the same set surfaces used for the 
SPR studies plus material surfaces relevant to the biomaterials field that could not be 
characterized by SPR were tested and the measured peptide–surface desorption forces 






6.2.1.1. Alkanethiol SAM Surfaces  
All alkanethiols used here for the formation of the SAM monolayers on gold had 
a structure of HS(CH2)11–R.  Preliminary studies for the purpose of evaluating whether 
the G8:C8 change in the peptide sequence significantly influences its adsorption behavior 
were conducted with SAM surfaces functionalized with –OH, –NHCOCH3, and –CH3 
groups to cover the full range of ∆Goads values based on the results presented in Chapter 
V.  The AFM studies were conducted with a wider range of R terminal groups, which 
included:  –OH, –CH3, –NH2, –NHCOCH3, –OCH2CF3 or –(OCH2CH2)3OH (i.e., –
EG3OH) (alkanethiols purchased from Aldrich, Milwaukee, WI, USA; Prochimia, Sopot, 
Poland; or Asemblon, Redmond, WA, USA). The bare gold surfaces were purchased 
from Biacore (SIA Au kit, BR–1004–05, Biacore, Inc., Uppsala, Sweden). Prior to use, 
all of the surfaces were sonicated (Branson Ultrasonic Corporation, Danbury, CT) at 50˚C 
for 1 min in each of the following solutions in order: “piranha” wash (7:3 (v/v) H2SO4 
(Fisher Scientific, Fair Lawn, NJ) / H2O2 (Fisher Scientific, Fair Lawn, NJ, USA), and a 
basic solution (1:1:3 (v/v/v) NH4OH (Fisher Scientific, Fair Lawn, NJ, USA) / H2O2 / 
H2O). After each cleaning solution, the slides were rinsed with nano–pure water and 
dried under a steady stream of nitrogen gas (National Welders Supply Co., Charlotte, NC, 
USA). The cleaned slides were rinsed with ethanol and incubated into the appropriate 1 
mM alkanethiol solution in 100% (absolute) ethanol (PHARMCO–AAPER, Shelbyville, 
KY, USA) for a minimum of 16 hours. The formation of monolayers from the amine–
terminated alkanethiols required additional procedures to be applied to avoid either 
upside–down monolayer and/or multilayer formation. These monolayers were assembled 
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from basic solution to assure that the amine terminus remained deprotonated (i.e., 
uncharged), which helps prevent the formation of an upside–down monolayer and 
subsequent multilayer formation.141 Accordingly, the 100% (absolute) ethanol used to 
prepare the amine terminated thiols was adjusted to pH~12 by adding a few drops of 
triethylamine solution (Sigma Chemical Co., St. Louis, MO). After these pretreatments, 
each of the SAM surfaces was stored in their respective alkanethiol solutions in a dark 
environment until used to prepare the biosensor surfaces. 
After incubation in their respective alkanethiol solutions, all SAM surfaces were 
sonicated with 100% (absolute) ethanol, rinsed with nano–pure water, dried with nitrogen 
gas and characterized by ellipsometry (GES 5 variable–angle spectroscopic ellipsometer, 
Sopra Inc., Palo Alto, CA), contact angle goniometry (CAM 200 optical contact–angle 
goniometer, KSV Instruments Inc., Monroe, CT), and X–ray photoelectron spectroscopy 
(XPS, performed at NESCA/BIO, University of Washington, Seattle, WA). All XPS 
spectra were taken on a Kratos Axis–Ultra DLD spectrometer and analyzed by the Kratos 
Vision2 program to calculate the elemental compositions from peak area.  
 
6.2.1.2. Materials Representative of Biomedically Relevant Surfaces  
Biomedically relevant materials used for AFM study include (i) polymer sheets 
(poly(methyl methacrylate) (PMMA) (SLU0125–D, Small Parts, Miramar, FL) of size 1 
cm × 1 cm × 0.3 cm, Nylon 6/6 (SRN0062–C, Small Parts, Miramar, FL) of size 1 cm × 1 
cm × 0.16 cm, and polytetrafluoroethene (PTFE) (STE0015–B, Small Parts, Miramar, FL) 
 123
of size 1 cm × 1 cm × 0.07 cm, (ii) a titanium plate surface (SMTI035–B, Small Parts, 
Miramar, FL) of size 1 cm × 1 cm × 0.09 cm, and (iii) microscope-cover glass (12–
540A, Fisher Scientific, Fair Lawn, NJ) of size 0.18 cm × 0.18 cm × 0.02 cm. Prior to 
being used for desorption force measurement by AFM, all of the surfaces were sonicated 
(Branson Ultrasonic Corporation, Danbury, CT) at room temperature for 30 min in 0.3 
vol. % Triton X–100 (Sigma Chemical Co., St. Louis, MO). After the cleaning solution, 
these surfaces were rinsed with nanopure water, dried under a steady stream of nitrogen 
gas (National Welders Supply Co., Charlotte, NC, USA), and characterized by contact 
angle goniometry (CAM 200 optical contact–angle goniometer, KSV Instruments Inc., 
Monroe, CT) and X–ray photoelectron spectroscopy (XPS, performed at NESCA/BIO, 
University of Washington, Seattle, WA).  
 
6.2.1.3. Spin Coated Polymer Film on Gold 
Poly(methyl–methacrylate) (PMMA) (Mw=120,000, Mw/Mn=1.2) was spun from 
toluene (1.5% at 5000 rpm for 60 sec) to form a thin layer of size 1 cm × 1 cm × 11 nm 
on bare gold SPR sensor chip (spin–coated process was conducted by Dr. Matthew 
Becker at Polymer Division–Biomaterial Group, National Institute of Standards and 
Technology (NIST), Gaitherburg, MD). The bare gold surfaces were purchased from 
Biacore (SIA Au kit, BR–1004–05, Biacore, Inc., Uppsala, Sweden). Prior to being used 
for ∆Goads  measurement by SPR, surfaces were sonicated (Branson Ultrasonic 
Corporation, Danbury, CT) at room temperature for 3 min in 0.3 vol. % Triton X–100 
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(Sigma Chemical Co., St. Louis, MO). After the cleaning solution, these surfaces were 
then gently rinsed with nanopure water, dried under a stream of nitrogen gas (National 
Welders Supply Co., Charlotte, NC, USA), and characterized by contact angle 
goniometry (CAM 200 optical contact–angle goniometer, KSV Instruments Inc., Monroe, 
CT) and X–ray photoelectron spectroscopy (XPS, performed at NESCA/BIO, University 
of Washington, Seattle, WA). 
 
6.2.2. Host–guest peptide model 
  For our new SPR studies and force measurement studies by AFM, we used the 
same host–guest peptide with zwitterionic end–groups as we used for the SPR studies in 
Chapters IV and V,106, 123 but with the eighth amino acid (glycine) replaced by cysteine 
(i.e., G8:C8) to provide a means of tethering the peptide to an AFM tip (i.e., TGTG–X–
GTCT used in place of TGTG–X–GTGT, where G, T and C are glycine (–H side–chain), 
threonine (–CH(CH3)OH side–chain) and cysteine (–CH2SH side chain)). We used the 
following three X guest amino acids: valine (–CH(CH3)2 side chain), aspartic acid (–
CH2COO
– (pK = 3.97)115 side chain) and leucine (–CH2CH(CH3)2 side chain). The 
threonine residues and the zwitterionic end–groups were selected to enhance aqueous 
solubility and provide additional molecular weight for SPR detection while the nonchiral 
glycine residues were selected to inhibit the formation of secondary structure, which, if 
present, would complicate the adsorption process and make the data more difficult to 
interpret. The variable X residue was positioned in the middle of the peptide to best 
represent the characteristics of a mid–chain amino acid in a protein by positioning it 
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relatively far from the zwitterionic end–groups. These host–guest peptides were 
synthesized and characterized by analytical HPLC and mass spectral analysis by 
Synbiosci Corp., Livermore, CA, which showed that all of the peptides were ≧98% pure.  
 
6.2.3. SPR method 
  While the details of the development of our experimental procedures for the SPR 
studies are presented in Chapters IV and V,106, 123 a brief description of these methods 
will be presented here and in the following section. To determine the ∆Goads for peptide–
surface interaction by SPR, the adsorption experiments were conducted by Biacore X 
SPR spectrometer (Biacore, Inc., Piscataway, NJ) with 10 mM phosphate buffered saline 
(PBS; 140 mM NaCl, pH=7.4; Fisher Scientific, Fair Lawn, NJ) used as the running 
buffer, which was filtered and degassed before each SPR experiment. 
 
6.2.3.1. Adsorption experiments by SPR 
Eight concentrations of each of the peptide solutions (0.039, 0.078, 0.156, 0.312, 
0.625, 1.25, 2.50, 5.00 mg/mL) were prepared in the filtered and degassed 10 mM PBS 
through serial dilutions of stock solutions of the peptide in clean vials. The pH of each 
stock solution was adjusted to 7.4 with 0.1 N NaOH (Sigma Chemical Co., St. Louis, MO) 
or 0.1 M HCl (Mallinckrodt Chemical, Inc, Paris, KY) before dilution. The actual 
concentration of the stock and diluted peptide solution was then calibrated by BCA 
analysis (BCA protein assay kit, prod. 23225, Pierce, Rockford, IL) against a BSA 
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standard curve and by the measurement of solution refractive index (AR 70 Automatic 
Refractometer, Reichert, Inc., Depew, NY).  
Before the adsorption experiment, the SPR sensor chip was docked in the 
instrument and pretreated following a standard protocol that involved several injections 
of 0.3 vol. % Triton X–100 (Sigma Chemical Co., St. Louis, MO) followed by a “wash” 
operation, which is necessary to obtain a stable SPR sensorgram response using this 
instrument. After the initial preparation step, each surface was prepared for an adsorption 
measurement by running 50 μL injections of concentrated peptide solution (5.0 mg/ml) 
over the SAM surface several times followed by PBS wash until a fully reversible 
adsorption signal was obtained. Then, eight different concentrations of each peptide 
solution were injected over each functionalized–SAM SPR chip in the random order with 
a flow rate of 50 μL/min followed by the PBS wash to desorb the peptide from the 
surface. Finally a blank buffer injection was administered to flush the injection port and a 
set of regeneration injections were then performed to prepare the surface for the next 
series of peptide sample injections.  
 
6.2.3.2. Data analysis of ∆Goads from SPR  
As described in Chapters IV and V,106, 123 the equations that are used for the 
determination of Goads from the adsorption isotherms that are generated from the raw 
SPR data plots were derived based on the chemical potential of the peptide in its 
adsorbed state compared to being in bulk solution. The reversibility of the adsorption 
process is an essential condition for the application of these equations and was assessed 
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for each peptide–surface system by comparing the SPR signal before the injection of the 
peptide sample to the SPR signal after the period of desorption under the same flow rate 
conditions. The SPR signal before adsorption and after desorption must be equal for a 
reversibly adsorbing system. Goads values were only determined for peptide–surface 
systems that exhibited this characteristic behavior, with reversible thermodynamics then 
used to model the experimental data for the peptide–surface pairs that did not exhibit 
irreversible adsorption behavior. Once adsorption reversibility was ascertained, Goads 
was determined by the following procedures (see Chapter IV for more detailed 
descriptions of the development of these relationships). 
SPR sensorgrams in the form of resonance units (RU; 1 RU = 1.0 pg/mm2)142 vs. 
time were recorded for six independent runs of each series of peptide concentrations over 
each SAM surface at 25 °C and the data were then used to generate isotherm curves for 
analysis by plotting the raw SPR signal vs. peptide solution concentration. During an 
SPR experiment to measure the adsorption of a peptide to a surface, the overall change in 
the SPR signal (i.e., the raw SPR signal) reflects both of the excess amount of adsorbed 
peptide per unit area, q (measured in RUs), and the bulk–shift response, which is linearly 
proportional to the concentration of the peptide in solution. This can be expressed as: 








        (6–1) 
where Cb (moles/L, M) is the concentration of the peptide in bulk solution, C° is the 
peptide solution concentration under standard state conditions (taken as 1.0 M), m (RU/M) 
is the proportionality constant between the peptide concentration in the bulk solution and 
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the bulk shift in the SPR response, K (unitless) is the effective equilibrium constant for 
the peptide adsorption reaction, and Q (RU) is amount of peptide adsorbed at surface 
saturation. Equation (6–1) was best–fitted to each isotherm plot of the raw SPR response 
vs. Cb by non–linear regression to solve for the parameters of Q, K, and m using the 
Statistical Analysis Software program (SAS Institute, Cary, NC). For a reversible 
adsorption process under equilibrium conditions, the concentration of the peptide at the 
surface (Cs (moles/L, M)) can be expressed as: 
bs CqC  /  ,                   (6–2) 
where  (mm) is the thickness of the adsorbed layer and the unit of q is now (micro–
moles/mm2), transferred from RU/Mw where 1 RU = 1.0 pg/mm
2 and Mw is the molecular 
weight (g/mole) of the peptide. When Cb approaches zero, under which conditions 
peptide–peptide interactions at the surface are minimized, the combination of equations 
(6–1) and (6–2) give: 


















   (6–3) 
where Q has the unit of (moles/mm2), also transferred from RU/Mw where 1 RU = 1.0 
pg/mm2 and Mw is the molecular weight (g/mole) of the peptide. Now, based on the 
chemical potential of the peptide at the interface being equal to the chemical potential of 
the peptide in solution under equilibrium conditions, and equation (6–3), the adsorption 
free energy can be expressed as: 











      (6–4) 
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Equation (6–4) thus provides a relationship for the determination of Goads 
(kcal/mol) for peptide adsorption to a surface with minimal influence of peptide–peptide 
interactions based on experimentally determined parameters Q and K and the 
theoretically defined parameter , where R (kcal/mol·K) is gas constant and T (K) is 
environmental temperature. The parameter is determined by assuming that its value is 
equal to twice the average outer radius of the peptide in solution with the peptide 
represented as being spherical in shape. The value of Rpep (radius of peptide molecule) is 
calculated as106, 123:   
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where Vpep is the molecular volume of the peptide,  is the specific volume for a peptide 
or protein in solution, which is approximately 0.73 cm3/g,112 and Mw is the molecular 
weight of the peptide. For a peptide sequence of TGTG–X–GTGT, with X representing 
an amino acid with an average residue molecular weight of Mw = 118.9 Da,
113 which 
results in Mw = 769.3 Da for the peptide, equation (6–5) gives a value of  = 12.1 Å.  
Molecular dynamics simulations with similar peptides show this to be a very reasonable 
value for the adsorbed layer of this peptide.114, 33 Using theoretical values of , which are 
calculated for each peptide (see Table 6–1), combined with the values of Q and K, which 
are determined from the isotherm plots, Goads can be determined for each peptide–SAM 
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system using equation (6–4). Although this procedure for the calculation of Goads 
involves this theoretical parameter, , it can be readily shown that the value of Goads is 
actually fairly insensitive to the values of   thus providing a high level of 
robustness for the determination of Goads using this method. 
Table 6–1.  Calculated values of Mw and  for each peptide. 
Guest Residue (–X–) –L– –V– –D– 
Peptide Mw (g/mole) 764 750 765 
 (Å) 12.1  12.0  12.1  
 
6.2.4. AFM Method  
For the high–resolution force spectroscopy measurements in this study, we used a 
DimentionTM 3100 (di–Digital Instrument, Veeco Metrology Group, Santa Barbara, CA), 
and silicon nitride cantilevers (DNP–10 from Veeco Nanofabrication Center, Camarillo, 
CA). Imaging of AFM tips was performed with a Hitachi 4800–field emission gun 
scanning electron microscope (FEG–SEM). Tip radii, which are around 32 nm in our 
case, were measured by drawing a circle on the images such that an arc of the circle 
coincided with the curvature of the end of the tip. 
 
6.2.4.1. Tip Chemistry 
In order to link the host–guest peptide to the AFM tip, we used a heterobifunctional 
polyethylene-glycol tether (3.4–kDA pyridyldithio poly(ethyl-glycol) succinimidylpropionate 
(PDP–PEG–NHS), Creative PEGWorks, Winston Salem, NC).  This molecule is composed of 
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77 ethylene glycol units with amine and thiol reactive end groups, thus enabling it to be used to 
covalently tether our peptide to silicon nitride tips. The tips are first cleaned by immersing into 
a standard piranha solution, H2SO4/H2O2, 70:30 (v/v), for a couple seconds. The tips are then 
thoroughly rinsed with deionized water, followed again by an ethanol rinse and dried under 
nitrogen. To help drive off residual moisture, the cantilever tips are baked on a hotplate at 100 
°C for approximately 30 minutes and then stored in cleaned glass petri dish. Immediately 
before functionalizing the tips, they are cleaned in chloroform for 10 minutes, washed with 
water and ethanol and dried under nitrogen. The tips are then amino–functionalized by 
incubating them overnight in a 55% (wt/vol) solution of ethanolamine chloride (Sigma 
Chemical Co., St. Louis, MO) in dimethyl dulfoxide (DMSO) at room temperature in the 
presence of 0.3 nm molecular sieve beads and subsequently washed in DMSO and ethanol, 
dried under nitrogen gas. They are then immediately subjected the second step, which involves 
linking the PEG spacer molecule to the amine–functionalized tip. Binding of the PEG spacer to 
the amines on the tip surface is carried out at 3 mg/ml of PDP–PEG–NHS in a chloroform 
solution containing 0.5% triethylamine (Sigma Chemical Co., St. Louis, MO) for 2 hours. The 
tips are then washed in chloroform and dried under nitrogen gas. Our peptide sequences are 
then coupled to the PEG spacer via the free thiol group from both the PEG and the side chain of 
cysteine in our peptide sequence by incubating the tips for 1 hour in 5.0 mg/ml peptide solution. 
(peptide, TGTG–X–GTCT, in 10 mM phosphate buffered saline) (PBS; 140mMNaCl, pH=7.4; 
Fisher Scientific, Fair Lawn, NJ). Finally, the tips are then washed and stored in the same 
buffer in the cold room (4 °C). Control groups were conducted with silicon nitrite tips tethered 
with a polyethylene glycol tether of the same length but functionalized at one end with NHS for 
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binding to the amine groups of the AFM tip while the other end is capped with a hydroxyl 
group (3.4–kDa OH–PEG–NHS, Nanocs Inc, New York, NY). The effectiveness of this tip 
chemistry was developed and demonstrated by Hinterdorfer, et al and Ebner, et al, by showing 
that it could be used to detect individual antibody-antigen recognition events by AFM.178-179 
From their research work with similar tip chemistry, the surface density of protein attached to 
the probe tip was determined and calibrated by a sensitive high-resolution fluorescence 
imaging method and enzyme chip assay, which showed about 1,500–2,000 molecules per 
square micron. This molecular surface density translates to only around ten peptide molecules 
attached to AFM tip terminus, which has an estimated surface area of ~ 6,000 nm2.  
 
6.2.4.2. Force Spectroscopy and Analysis 
All force spectroscopy experiments were performed at room temperature in a fluid 
cell filled with droplets of 10 mM PBS (pH=7.4). The functionalized tip with the peptide was 
brought into contact with various SAM surfaces for 1 sec of surface delay and retracted at a 
constant vertical scanning speed of 0.1 μm/s. Tips with PEG–OH only were used as controls. 
The force–extension traces were obtained from the deflection piezo–path signal through 
Nanoscope software (Digital Instruments, Santa Barbara, CA). The deflection signals (volts) 
were converted to force (Newton) through the use of the deflection sensitivity (40~100 
nm/volts), spring constant of tips (0.058~0.065 N/m from thermal–tune method), and offset 
deflection. The peptide–surface interaction force, Fdes, was then recorded versus the tip–
sample surface separation distance on approach (i.e., tip–probe advancing towards the sample 









surface at a constant rate). Six experiments were carried out for each peptide–SAM surface 
system (3 different site locations on each SAM surface and averaged Fdes gained from 10 
repeating force analysis by 2 AFM tips at the same spot; 2 SAMs were used for each system; 
N=6). To minimize the offset error coming from the layer compressibility of SAM surface, 
the force–separation curves were chosen when the tips were laterally removed from the first 
contact spot to different locations on the SAMs. From the retraction force versus separation 
distance data, the unbinding force that was measured during the plateau region that ends right 
at the separation distance (max sep) that corresponds to the contour length of PEG spacer and 
the peptide sequence was taken as the force that characterizes the desorption of the peptide 







Figure 6–2. Typical AFM force–separation curves. Fdes represents the measured pull–
off force due to desorption of peptide from adsorbent surface. 
 
As shown in Figure 6–2, the larger force peak registered prior to this plateau region 
(usually < 10 nm separation distance) is caused by the interaction between the AFM tip 
material and the SAM surface.74, 173 The 3.4–kDa PEG consists of 77 units of –CH2CH2O– 
monomers with a contour length of 0.36 nm per monomer. Thus, the contour length of 3.4–
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kDa PEG in its fully extended conformation amounts to 28 nm. The contour length of 
TGTG–X–GTCT, which consists of a total of 9 amino acids, with an approximate length of 
0.365 nm per amino acid, amounts to a total length of approximately 3.3 nm, thus 
providing a total maximum separation distance of about 31.3 nm. 
 
6.3. Results & Discussions 
6.3.1. Surface Characterization 
Table 6–2 presents the advancing water contact angle, layer thickness, and atomic 
composition for each of the nine SAM surfaces. All of the values in Table 6–2 fall within 
the expected range for these types of surfaces.10, 118, 143-148  
 
Table 6–2.  Atomic composition (by XPS), advancing contact angle (by deionized water 
in air) and layer thickness (by ellipsometry) results for Au–alkanethiol SAM surfaces 
with various functionalities. An asterisk (*) indicates negligible value for atomic 
composition results. The dimensions of the material surfaces other than the SAMs is 
provided in Section 6.2.1. (Mean (± 95% confidence interval), N = 3.)  
Surface Moiety C (%) S (%) N (%) O (%) F (%) Contact Angle (˚) Thickness (Ǻ)
SAM–OH 56.7 (0.8) 2.8 (0.6) * 7.5 (0.2) * 15.5 (2.1) 13.0 (1.0) 
SAM–CH3 64.9 (0.7) 2.8 (0.2) * * * 110.0 (3.0) 11.0 (1.0) 
SAM–(EG)3OH 54.8 (0.3) 2.3 (0.1) * 13.2(0.6) * 32.0 (3.3) 19.0 (3.0) 
SAM–NH2 54.0 (0.9) 2.0 (0.2) 4.0 (0.3) 3.3 (0.3) * 47.6 (1.8) 14.7 (2.5) 
SAM–NHCOCH3 48.6 (0.6) 1.7 (0.1) 4.0 (0.1) 6.0 (0.7) * 48.0 (1.5) 17.0 (2.0) 
SAM–OCH2CF3 44.1 (2.0) 1.7 (0.2) * 6.2 (1.1) 13.0(0.5) 90.5 (0.8) 16.1 (4.4) 
Spin–coated PMMA 57.0 (3.0) * * 28 (1.2) * 70 (2.3) 100 (10) 
PTFE 34.0 (1.5) * * * 66 (1.5) 107 (2.5) -- 
PMMA 57.0 (3.0) * * 28 (1.2) * 78 (3.4) -- 
Nylon 6/6 74.6 (0.7) -- 10.9 (0.3) 14.5(0.5) -- 63 (3.2) -- 
Glass slide** 12.1 (0.5)  * * 61 (0.6) * 13 (3.0) -- 
Titanium** 19.6 (1.0) * * 54 (1.0) * 37 (5.2) -- 
**Glass also contains Zn (<1%), Na (<1%), K (<1%). Si (24.4±0.9%) and Titanium contains Ti (23.3±0.5 %) in atomic 
composition by XPS which are not shown in the Table. The presence of carbon originated from surface contamination 
since the samples were exposed to air after cleaning processing. This is typical for adventitious, unavoidable 
hydrocarbon impurities, adsorbing spontaneously from ambient air onto the glass and titanium surface180-181. 
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The XPS results for the SAMs show that the surfaces contain the expected 
elemental composition with minimal levels of contamination, and the thicknesses indicate 
that each SAM surface is composed of a complete monolayer of the respective 
alkanethiol as opposed to multi–layers. These results thus indicate that the SAM surfaces 
used in this study were of high quality and appropriately represented the intended surface 
chemistries for our peptide adsorption experiments.  Also, the contact angles for all of the 
surfaces are within expected values. 
 
6.3.2. Comparison of Experimentally Measured Goads by SPR Between TGTG–X–
GTCT and the Sequence TGTG–X–GTGT (X= Valine, Aspartic Acid and Leucine) 
on Different SAM Surfaces 
Adsorption isotherms for the peptide–SAM systems used in this research were 
generated from the raw SPR experimental data by plotting the changes in RU vs. peptide 
solution concentration as described in Chapters IV and V. Examples of the raw SPR data 
(RU vs. time) and the corresponding isotherms (RU vs. solution concentration) for the 
TGTG-X-GTCT peptide are shown in Figures 6–3 and 6–4, respectively. Values of the 
parameters Q, K, and m were then determined by fitting equation (6–1) to each of the data 
plots by non–linear regression using SAS. These parameters were then used to calculate 
Goads for each peptide–SAM system from equation (6–4) for comparison with the 
adsorption data for the TGTG-X-GTGT peptides, which were reported in Chapter V. The 
resulting values for Q, K, m and Goads values for both of the TGTG–X–GTGT and 








































Figure 6–3.  Response curves (SPR signal (RU) vs. time for TGTG–L–GTCT on (A) 
SAM–CH3 and (B) SAM–OH surface. (Not all of the concentration curves are listed for 
clarity sake because some of the low concentration curves overlap one another and are 









Figure 6–4. Corresponding adsorption isotherm for TGTG–L–GTCT on both of SAM–
OH (solid line) and SAM–CH3 surfaces (dotted line). Note that the adsorption response 
plotted on the y–axis includes bulk–shift effects, which are linearly related to solution 















































































The calculated ∆Goads values for the TGTG-X-GTGT peptide from the SPR 
studies are plotted against the ∆Goads values for the TGTG-X-GTCT peptide for the three 
SAM surfaces in Figure 6-5. Two lines are indicated in this figure: a solid line that 
represents the best fit linear regression line comparing the two sets of data and a dashed 
line that indicates what the regression line should be for perfect agreement between these 
two data sets. A Student’s t–test analysis at a 5% level of significance (α = 0.05) 
comparing these lines shows that there is no significant difference between their slope (p 
value = 0.089 > 0.05) and their y-axis intercept (p value = 0.27 > 0.05). These results 
indicate that this amino acid substitution has negligible effect on the adsorption behavior of 
this peptide sequence design, thus supporting that the TGTG-X-GTCT can be used in the 
AFM studies as an equivalent model of the TGTG-X-GTGT peptide that has previously 
been extensively characterized by SPR.  This conclusion is further supported by the fact 
that in an AFM experiment the TGTG-X-GTCT peptide is tethered to the AFM tip by the 
cysteine amino acid residue, thus minimizing its likelihood of contributing strongly to the 
peptide’s adsorption behavior during an AFM test.   
The results shown in Figure 6-5 were not unexpected. Although cysteine has more 
complex side group than glycine (i.e., –CH2SH  vs. H, respectively), both amino acids are 
generally characterized as having neutral hydrophilic character. They also have similar 
hydrophobicity based on Wolfenden, et al.’s182 and Kyte and Doolittle’s hydrophobicity 
scales,183 which have been generally shown to reflect the adsorption behavior of 









Figure 6–5.  Comparison of experimentally measured  Goads (kcal/mol) by SPR between 
TGTG–X–GTCT and the sequence TGTG–X–GTGT. X= valine (red), aspartic acid 
(purple) and leucine (blue) on different SAMs. (Error bar: 95% C.I., N = 3). Solid line 
shows the linier correlation between new and old peptide sequence on the same SAM 
surfaces; dashed line presents the theoretical relationship if there were no difference in 
the adsorption behavior between these two peptide sequences on SAMs.     
 
6.3.4. AFM force data analysis.   
For the analysis of AFM force measurements, Figure 6–2 shows a typical force–
distance curve which can be roughly separated into several regions: At low separations, 
there is strong and nonspecific tip–surface interaction, which may mask the desorption 
event of protein molecules especially on hydrophobic surface. Continuous desorption of 
successive chain segments, which comes from the multiple polymer chain–surface 
interactions, is reflected by a stepwise plateau of constant force in the middle separation 
region.176 Complete desorption of the protein from the surface results in a sudden drop of 
the force to zero (Fdes) when the protein or peptide contour length is reached and the 
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protein detaches from the surface. Examples of the force curve (force vs. separation) are 
presented in Figure 6–6. As shown, the desorption force to pull TGTG–V–GTCT from 
the SAM–CH3 surface can be measured directly from the red force curve with 
comparable separation distance (25 ± 5.5 nm) (mean ± 95% confidence interval, N = 6) 
to the contour length of our peptide–PEG assembling (~31.3 nm). A control AFM 
experiment was carried out with the AFM tip being functionalized with PEG only 
(without peptide attached) on this same SAM–CH3 surface. The corresponding force–
separation curve (purple curve) only shows one nonspecific force peak within a short 
separation distance (<10 nm) and no Fdes was observed.  
Comparison of Fdes values (mean ± 95% confidence interval, N = 6) for TGTG–
V–GTCT on a hydrophilic SAM–OH surface vs. a SAM–CH3 surface resulted in Fdes < 
0.02 nN (blue curve in Figure 6–6) and Fdes = 0.107±0.015 nN (red curve in Figure 6–6), 
respectively. As shown, the hydrophobic SAM–CH3 strongly adsorbed the TGTG–
VGTCT peptide with the Fdes value on this surface being significantly higher than on the 
SAM–OH surface (p < 0.001), thus demonstrating that this proposed method is 
sufficiently sensitive to determine the Fdes with significant differences for peptides 
adsorbed on surfaces with extremely different hydrophobicity. The resulting values from 
force–separation curves for Fdes and the maximal separation distances corresponding to 
other peptide–SAM systems are presented in Figures 6–7 ~ 6–9, with values from the 






































Figure 6–6.  AFM force–separation curves recorded during adsorption–desorption of 
TGTG–V–GTCT that are covalently attached to an AFM tip on an adsorbent surface. Fdes 
represents the measured pull-off force due to desorption of the peptide from the adsorbent 
surface. The red curve represents the peptide on the SAM–CH3 surface, the blue curve 
represents the peptide on the SAM–OH surface, and the purple curve represents a control 
group with the AFM tip without the peptide (only covered with PEG) on a SAM–CH3 
surface. 
 
6.3.5. Correlation between Peptide Desorption Force & Surface Hydrophobicity  
Figure 6–7 presents a plot of the Fdes values for TGTG–X–GTCT (X=L, V and D) 
on SAM surfaces versus the respective cosine of the advancing water contact angle 
values for each SAMs (contact angle values are presented in Table 6–2). The cosine of 
contact angle values here can be related to the surface energy of the displacement of 























Figure 6–7.  Desorption force vs. cosine (contact angle) for TGTG–X–GTCT (X = (A) L, 
(B) V, and (C) D) on SAM surfaces with various functionalities. The trend lines show the 
linear regression for the non–charged SAM surfaces (i.e., excluding the SAM–NH2 surface, 
pK=6.5,149 which presents positive charged surface in PBS pH=7.4). The error bar represents 


















































































































As clearly indicated in Figure 6–7, there is a high correlation between the Fdes 
values measured by our standard AFM method and the cosine of the advancing water 
contact angle of the surface for the non-charged surfaces. Similar to the plot of Goads 
determined by SPR versus the cosine of the contact angle from Chapter V (Figure 5–3), 
the charged SAM-NH2 surface resulted in a strength of adsorption that is substantially 
higher than the correlation line for the non-charged surfaces, reflecting the additional 
contribution to adhesion provided by electrostatic interactions between the peptides and 
this surface. These results clearly show that the Fdes values determined by our 
standardized AFM method provide a very similar general relationship to the cosine of the 
contact angle as the values of Goads determined by SPR for this set of SAM surfaces. 
This suggests that a close relationship exists between these two independent methods of 
measuring peptide adsorption and supports our hypothesis that Fdes is strongly correlated 
to Goads values determined by SPR, and thus should enable Fdes to be used to calculate 
effective values of Goads for surfaces that are not readily amenable for use with SPR . 
 
6.3.6. Correlation between Desorption Force Measured by AFM and Goads by SPR 
for Peptide–Surface Interactions   
Figure 6–8 represents the results from a set of AFM studies that were conducted for a 
series of similar peptide–SAM surface systems with the measured AFM pull–off force (Fdes) 
plotted against the corresponding benchmark values of ∆Goads determined by SPR
123. As 
shown, the averaged AFM desorption force results from three different types of the host–
guest peptides with an amino acid sequence of TGTG–X–GTCT (X = leucine, aspartic acid, 
and valine) on a set of six different SAM surfaces (SAM–OH, –CH3, –NH2, –NHCOCH3, –
OCH2CF3 or –(OCH2CH2)3OH) are linearly related to the ∆G
o
ads results by SPR, with a 
correlation coefficient of R2 = 0.956. This linear correlation of the AFM measured desorption 
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force with ∆Goads suggests that this standardized AFM method should be able to be extended 










Figure 6–8.  Correlation between Goads by SPR and force by AFM for an equivalent set 
of peptide–SAM systems. Midchain amino acid (X) = leucine, aspartic acid and valine in 
PBS; pH=7.4. (Error bar represents 95% C.I.; N = 6) 
 
6.3.7. Force measurements to estimate the adsorption free energy that are not 
amenable for evaluation by SPR for peptide–surface interactions 
The final aim of this research is to apply the standardized AFM methods developed 
under previous sections to estimate the values of ∆Goads for peptide adsorption to materials 
that are more representative of actual biomaterials, which are not amenable to being studied 
using SPR. The materials tested were polymer sheets (poly(methyl methacrylate) (PMMA), 
Nylon 6/6, and Teflon), a metal plate (titanium), and a glass surface. The correlation equation 
shown in Figure 6–8 was used to calculate the effective ∆Goads values for peptide adsorption 
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on these new types of materials surface from the corresponding measured values of Fdes.  
Accordingly, our standardized AFM method was applied to measure the desorption force for 
a TGTG–L–GTCT peptide on each of these six surfaces. The results of these studies (Fdes, 
Max Sep, and ∆Goads) are presented in Table 6–3.  
 
Table 6–3.  Desorption force, maximum separation distance, and ∆G˚ads estimation for 
TGTG–L–GTCT on selected surfaces in PBS; pH=7.4 Mean (± 95% confidence interval), 
N = 6. ∆G˚ads estimated from the correlation derived from data in Figure 6–8. Max sep 
represents maximal separation distance (nm). For comparison sake, ∆G ˚ads value for 
TGTG-V-GTGT on spin-coated PMMA film determined by SPR method is listed here. 
Name Fdes (pN) Max sep (nm) ∆G°ads (kcal/mol) 
Teflon 97 (18) 32 (4) –3.94 
Nylon 6/6 101 (30) 35 (4)* –4.12* 
Glass Slide 28 (12) 36 (5) –0.81 
Titanium 38 (27) 30 (5) –1.26 
PMMA 70 (13) 30 (5) –2.71 
Spin-coated PMMA   –2.44 (0.5) 
* Value for Nylon 6/6 suspect because it is difficult to identify the AFM probe– Nylon surface contact 
position during the desorption force analysis. Extra loading to the probe or larger tip ramp size is usually 
required compared to other material being analyzed to attain clear force curve. 
 
As shown in Table 6–3, the Max sep values for each peptide-surface were very 
close to the theoretical value of 31.5 nm, thus supporting the validity of the test results, 
and ∆Goads values were able to be estimated for each material from the measured Fdes 
values. Although no other experimental data is available to our knowledge that can be 
used to directly compare the validity of these ∆Goads values, we can evaluate the 












































advancing water contact angle of these surfaces along with the SAM surfaces. The results 







Figure 6–9.   Desorption force vs. cosine (contact angle) for TGTG–L–GTCT on SAM 
surfaces with various functionalities and materials representative of biomedically relevant 
surfaces. The trend line shows the linear regression for the non–charged surfaces (i.e., 
excluding the SAM–NH2 surface, pK=6.5,
149 which presents positive charged surface in PBS 
pH=7.4, and titanium and glass, which are expected to be negatively charged due to the 
outmost oxidized layer at pH=7.4.184-185). The error bar represents the 95% C.I. with N = 6. 
 
As shown in Figure 6–9, the relationship between the cosine of the advancing 
water contact angle and Fdes for this set of additional material surfaces agrees 
extremely well with the data for the noncharged SAM surfaces except for Nylon 6/6, 
which is clearly an outlier. The odd behavior of Nylon 6/6 is attributed to its 
relatively high hydrophilicity, which we believe results in a condition where the 
polymer chains on the surface of the material become somewhat hydrogel-like, as 
indicated by the lack of a distinct force signal being obtained when the AFM tip 
contacted the surface of this material. 
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6.4. Chapter Summary and Conclusions 
In this chapter, the results from Chapter V were correlated with standardize AFM 
methods that we developed to measure peptide–surface desorption forces for a similar set 
of peptide–SAM surface systems. The desorption forces obtained from AFM studies were 
found to strongly correlate in a linear manner with the ∆Goads values measured from SPR 
and reported in Chapter V, thus providing a means to estimate ∆Goads for peptide–surface 
systems that are not amenable to the test by SPR. The developed AFM method and its 
correlation with values of ∆Goads were then applied to estimate ∆G
o
ads for peptide-surface 
interactions for a set of six clinically relevant material surfaces that were not amenable for 
analysis using SPR. The peptide desorption forces measured by AFM for both the SAM 
surfaces and the new set of non-charged material surfaces were also shown to correlate 
strongly with the cosine of the advancing water contact angle for both the SAM surfaces 
and the bulk materials surfaces studied, with surfaces presenting charged functional groups 
resulting in an additional contributions to the desorption force that are apparently not 
reflected in the cosine of the contact angle. From this data set, one outlier point was clearly 
identified (i.e., the Nylon surface), with measurement errors for this system believed to be 
caused by AFM force artifacts due to the swelling of the polymer chains at the surface of 
the material. The strong correlation between peptide desorption force and the cosine of the 
advancing water contact angle is proposed as a means of qualitatively assessing the 
reasonableness of the AFM desorption force results for non-charged surfaces prior to using 
the data to estimate ∆Goads for a given peptide-surface system, with this relationship 
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expected to underestimate the desorption force for materials with charged functional groups 
on the surface.  
These methods provide a means of overcoming the limitations of relying solely on 
SPR instrumentation for the determination of values of ∆Goads, thus providing the 
capability to greatly expand the benchmark data set for peptide-surface interactions to 
include materials surfaces that are much more relevant to the biomaterials field.  These data 
provide important thermodynamic insights into the fundamental amino acid-surface 
interactions that govern protein-surface interactions as well as providing fundamental data 
that is essential for the evaluation, modification, and validation of empirical force field 
parameters that are needed to enable protein adsorption behavior to be accurately 





FINAL CONCLUSIONS  
 
This dissertation presents the development and application of experimental 
methods including SPR and AFM to determine the standard state adsorption free energy 
associated with peptide adsorption behavior on surfaces with various functionalities.  
In Chapter IV, we developed and introduced a new experimental method for the 
characterization of peptide adsorption behavior that enabled Goads to be determined using 
SPR spectroscopy in a manner that minimizes the effects of peptide–peptide interactions at 
the adsorbent surface and provides a direct means of determining bulk shift effects.106 A 
benchmark data set was generated by this method and presented in Chapter V to 
characterize the adsorption behavior of a large series of 108 different peptide–SAM 
systems.123 These data were then correlated to the desorption force measured by 
standardized AFM method in Chapter VI to provide the  means to estimate effective Goads 
values for peptide interactions on surfaces that are not amenable for use with SPR.  These 
methods were then demonstrated for a set of material surfaces that were more 
representative of actual biomaterials than alkanethiol SAMs.  
The continued development and application of these methods should be extremely 
useful to both characterize and understand the fundamental aspects underlying protein 
adsorption behavior and to provide data that can be used for the evaluation, modification, 
and validation of computational models that can be used to accurately predict protein 












Supporting Information to Chapter V 
 
This supporting information contains the data sheets of the parameters Q, K, and 
m determined by fitting equation (5–1) in Chapter V to each of our 108 peptide–SAM 
systems plots (i.e. the raw experimental data by plotting the changes in RU vs. peptide 
solution concentration) by non-linear regression using the Statistical Analysis Software 
program (SAS), and these parameters were then used to calculate Goads for each peptide-
SAM combination. The following tables present these parameters for 12 designated host 
amino acid residues (X) from our TGTG-X-GTGT peptide on each of our modeled SAM 
surface (see Tables A–1~A–9). In these tables, Goads values present the experimentally 
measured standard state adsorption free energy for each peptide-SAM system, m (in units 
of Response Units/molar concentration, or RU/M) is the proportionality constant between 
the peptide concentration in the bulk solution and the bulk shift in the SPR response, K is 
the effective equilibrium constant for the peptide adsorption reaction, and Q is amount of 
peptide adsorbed at surface saturation. Interested readers can obtain more detailed 








Table A–1. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–OH 
(N=6). An asterisk (*) indicates a condition in which peptide adsorption was so strong 
that adsorption reversibility could not be determined, in which case these parameters 
could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -0.003 (0.001) 3.12 (0.57) 1.4 (0.4) 137594 (979) 
-F- * * * * 
-V- -0.002 (0.001) 0.24 (0.11) 14.4 (2.3) 168000 (17000) 
-A- * * * * 
-W- -0.001 (0.001) 1.07 (0.71) 1.2 (0.4) 129547 (6886) 
-T- -0.001 (0.001) 0.11 (0.06) 19.0 (13.0) 105200 (10400) 
-G- -0.001 (0.001) 0.85 (0.37) 1.2 (0.6) 143916 (7897) 
-S- -0.002 (0.001) 1.03 (0.56) 2.4 (0.6) 135962 (3352) 
-N- -0.004 (0.003) 3.35 (2.69) 3.3 (2.0) 148675 (5255) 
-R- -0.002 (0.001) 0.40 (0.08) 8.8 (8.0) 194806 (11820) 
-K- -0.001 (0.001) 0.54 (0.43) 2.9 (2.0) 175411 (17835) 
-D- -0.003 (0.001)  0.15 (0.08) 23.7 (7.8) 171900 (18000) 
 
Table A–2. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–CH3 
(N=6). An asterisk (*) indicates a condition in which peptide adsorption was so strong 
that adsorption reversibility could not be determined, in which case these parameters 
could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -3.87 (0.69) 95 (22) 6951 (1115) 124311 (26569) 
-F- -4.16 (0.16) 170 (57) 5610 (910) 180517 (34342) 
-V- -4.40 (0.31) 79 (12) 19300 (9800) 177800 (3200) 
-A- * * * * 
-W- -3.89 (0.34) 165 (24) 4356 (1780) 117423 (6646) 
-T- -2.76 (0.28) 94 (25) 1020 (470) 105800 (2600) 
-G- -3.40 (0.39) 104 (50) 2400 (1700) 129437 (3062) 
-S- -2.75 (0.23) 92 (45) 995 (450) 125647 (6983) 
-N- -4.33 (0.62) 110 (65) 12125 (9240) 152527 (26105) 
-R- -4.15 (0.55) 190 (73) 5530 (2633) 192277 (11773) 
-K- -3.34 (0.39) 85 (23) 3100 (1600) 193295 (29565) 
-D- -3.54 (0.6) 73 (20) 4940 (1980) 190200 (7400) 
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Table A–3. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–
OCH2CF3 (N=6). An asterisk (*) indicates a condition in which peptide adsorption was 
that adsorption reversibility could not be determined to be irreversible, in which case 
these parameters could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -3.09 (0.31) 120 (42) 1121 (430) 133629 (9315) 
-F- -3.97 (0.24) 130 (50) 6674 (4761) 187811 (20555) 
-V- -3.99 (0.22) 112 (36) 7253 (3273) 161699 (3136) 
-A- * * * * 
-W- -3.42 (0.27) 92 (32) 3244 (732) 124249 (5402) 
-T- -2.81 (0.40) 163 (46) 661 (500) 106045 (11708) 
-G- -3.30 (0.37) 130 (29) 1785 (1556) 139885 (15331) 
-S- -3.22 (0.24) 163 (20) 1263 (565) 128135 (9971) 
-N- -3.41 (0.32) 117 (12) 2745 (1057) 149381 (1936) 
-R- -3.45 (0.30) 177 (91) 1826 (995) 181684 (28567) 
-K- -3.54 (0.45) 138 (35) 2091 (410) 196618 (12395) 
-D- -3.59 (0.37) 134 (43) 2924 (1706) 165166 (11303) 
 
 
Table A–4. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–
COOCH3 (N=6). An asterisk (*) indicates a condition in which peptide adsorption was so 
strong that adsorption reversibility could not be determined, in which case these 
parameters could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -2.06 (0.31) 9 (4) 3566 (2529) 132567 (5962) 
-F- * * * * 
-V- * * * * 
-A- * * * * 
-W- -0.92 (0.36) 88 (35) 46 (10) 118755 (3707) 
-T- -0.40 (0.14) 34 (14) 27 (3) 102313 (4819) 
-G- -1.18 (0.30) 86 (6) 52 (13) 134427 (15929) 
-S- -1.55 (0.26) 99 (38) 148 (87) 123140 (6812) 
-N- -1.37 (0.68) 120 (42) 68 (8) 131288 (15058) 
-R- -1.17 (0.34) 57 (21) 114 (59) 190124 (2556) 
-K- -1.77 (0.07) 202 (31) 87 (12) 170204 (5369) 
-D- -1.34 (0.50) 39 (20) 225 (160) 162826 (13312) 
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Table A–5. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–OC6H5 
(N=6). An asterisk (*) indicates a condition in which peptide adsorption was so strong 
that adsorption reversibility could not be determined, in which case these parameters 
could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -2.68 (0.72) 97 (28) 723 (500) 130175 (7318) 
-F- * * * * 
-V- * * * * 
-A- * * * * 
-W- -1.65 (0.60) 375 (149) 40 (13) 124308 (5410) 
-T- -2.89 (0.75) 18 (10) 6844 (2593) 118787 (17211) 
-G- -3.51 (0.22) 65 (7) 5313 (2104) 139401 (16643) 
-S- -3.20 (0.28) 42 (22) 4206 (2177) 126859 (7393) 
-N- -3.02 (0.16) 72 (5) 2335 (722) 127284 (3343) 
-R- -2.26 (0.82) 61 (17) 764 (108) 185846 (6776) 
-K- -3.35 (0.25) 88 (21) 3222 (1657) 199545 (13693) 
-D- -3.89 (0.23) 57 (19) 10591 (5544) 156199 (14769) 
 
 
Table A–6. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–COOH 
(N=6). An asterisk (*) indicates a condition in which peptide adsorption was so strong 
that adsorption reversibility could not be determined, in which case these parameters 
could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -1.30 (0.43) 17 (4) 493 (300) 132568 (1767) 
-F- * * * * 
-V- -1.11 (0.31) 85 (40) 64 (10) 152520 (6554) 
-A- * * * * 
-W- -1.14 (0.52) 3 (2) 2753 (387) 121681 (749) 
-T- -0.87 (0.46) 31 (12) 111 (52) 99075 (1278) 
-G- -0.68 (0.36) 31 (8) 57 (6) 136045 (12493) 
-S- -1.10 (0.09) 77 (16) 58 (8) 123726 (3277) 
-N- -0.86 (0.38) 49 (18) 50 (12) 147521 (9616) 
-R- -1.53 (0.19) 24 (6) 440 (55) 197578 (3873) 
-K- -1.71 (0.19) 122 (20) 119 (54) 199044 (13891) 
-D- -1.06 (0.09) 73 (16) 67 (15) 156897 (4805) 
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Table A–7. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–NH2 
(N=6). An asterisk (*) indicates a condition in which peptide adsorption was so strong 
that adsorption reversibility could not be determined, in which case these parameters 
could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -2.34 (0.80) 28 (12) 1683 (60) 137852 (18570) 
-F- * * * * 
-V- -3.90 (0.12) 64 (24) 11686 (1281) 160172 (2118) 
-A- * * * * 
-W- -2.71 (0.32) 50 (21) 2061 (666) 135923 (5286) 
-T- -3.15 (0.50) 99 (16) 1647 (1000) 97425 (16306) 
-G- -2.56 (0.32) 138 (31) 510 (60) 119669 (11654) 
-S- -2.09 (0.98) 123 (100) 230 (31) 132532 (8735) 
-N- -3.22 (0.41) 130 (80) 1535 (400) 139146 (22342) 
-R- -3.03 (0.31) 95 (14) 1585 (339) 196889 (1872) 
-K- -3.14 (0.20) 176 (130) 1020 (787) 174683 (6581) 
-D- -3.75 (0.20) 53 (28) 9121 (6000) 171599 (10774) 
 
 
Table A–8. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–
NHCOCH3 (N=6). An asterisk (*) indicates a condition in which peptide adsorption was 
so strong that adsorption reversibility could not be determined, in which case these 
parameters could not be determined. 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -1.04 (0.30) 163 (60) 28 (10) 118415 (6671) 
-F- -2.44 (0.40) 140 (100) 419 (225) 180428 (9835) 
-V- -0.16 (0.10) 13 (7) 15 (10) 158334 (4223) 
-A- * * * * 
-W- -1.94 (0.45) 94 (50) 277 (200) 114439 (2935) 
-T- -0.16 (0.09) 6 (3) 57 (20) 118172 (1507) 
-G- -1.86 (0.20) 50 (18) 366 (90) 133051 (17501) 
-S- -1.49 (0.47) 74 (27) 132 (50) 116491 (11693) 
-N- -1.64 (0.23) 245 (80) 60 (9) 138833 (3883) 
-R- -1.60 (0.80) 43 (20) 293 (51) 180626 (12117) 
-K- -0.12 (0.07) 28 (7) 8 (1) 170670 (40054) 
-D- -1.93 (0.52) 25 (6) 1100 (500) 153823 (17388) 
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Table A–9. Values of m, Q, K and Goads (mean ± 95% CI) for peptides on SAM–
EG3OH (N=6). 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
-L- -0.40 (0.28) 42 (26) 20 (6) 135182 (1346) 
-F- -0.30 (0.13) 25 (5) 26 (9) 183918 (23869) 
-V- -0.26 (0.06) 14 (5) 31 (13) 161803 (12948) 
-A- -0.97 (0.36) 52 (20) 66 (33) 110920 (14584) 
-W- -1.72 (0.33) 77 (45) 221 (100) 120929 (3719) 
-T- -0.28 (0.15) 26 (9) 22 (16) 106998 (4592) 
-G- -0.30 (0.20) 65 (8) 7 (3) 140245 (10400) 
-S- -0.34 (0.11) 40 (19) 20 (4) 130504 (2870) 
-N- -0.59 (0.10) 51 (20) 30 (8) 160555 (15529) 
-R- -0.20 (0.10) 13 (6) 31 (6) 192767 (7745) 
-K- -0.19 (0.07) 18 (6) 17 (4) 189767 (13653) 






Supporting Information to Chapter VI 
 
This supporting information contains (i) the data sheets of the parameters Q, K, 
and m determined by fitting equation (6–1) in Chapter VI to each of our peptide-SAM 
systems plots (i.e., the raw experimental data from SPR by plotting the changes in RU vs. 
peptide solution concentration) by non-linear regression using the Statistical Analysis 
Software program (SAS), and (ii) the resulting values from force-separation curves by 
AFM for Fdes, and maximal separation distance corresponding to peptide-SAM systems 
presented. 
The thermodynamic parameters (Q, K, and m) were then used to calculate Goads 
for each peptide-SAM combination. The following tables present these parameters for 
designated peptide residues (TGTG-X-GTGT or TGTG-X-GTCT; X = L, V and D) on 
each of our modeled SAM surface (see Tables B–1~B–6). In these tables, Goads values 
present the experimentally measured standard state adsorption free energy for each 
peptide-SAM system, m is the proportionality constant between the peptide concentration 
in the bulk solution and the bulk shift in the SPR response, K is the effective equilibrium 
constant for the peptide adsorption reaction, and Q is amount of peptide adsorbed at 
surface saturation. The interested readers can obtain more detailed descriptions on 
analysis procedures in Chapter V and our publications on these studies.106, 123  
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The second part of this supporting information, which presents the force analyses 
for our AFM studies, is applied to measure the desorption-force for the TGTG-X-GTCT 
(X=L, V and D) peptide on a set of six SAM surfaces. The following tables present 
desorption force, Fdes, and the maximal separation distance for designated peptide 
residues on each of our selected SAM surfaces (see Tables B–7~B–9). 
Table B–1. Values of m, Q, K and Goads (mean ± 95% CI) for peptides TGTG-X-GTGT 
and TGTG-X-GTCT on SAM-OH surface with various functionalities (N=6).  
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
TGTG-X-GTGT 
-L- -0.003 (0.001) 3.12 (0.57) 1.4 (0.4) 137594 (979) 
-V- -0.002 (0.001) 0.24 (0.11) 14.4 (2.3) 168000 (17000) 
-D- -0.003 (0.001)  0.15 (0.08) 23.7 (7.8) 171900 (18000) 
TGTG-X-GTCT 
-L- -0.002 (0.001) 0.19 (0.10) 35.8 (12) 137151 (1730) 
-V- -0.006 (0.002) 0.14 (0.05) 83.5 (13) 156927 (1453) 
-D- -0.003 (0.001) 0.33 (0.07) 15.7 (1.8) 177150 (40000) 
 
Table B–2. Values of m, Q, K and Goads (mean ± 95% CI) for peptides TGTG-X-GTGT 
and TGTG-X-GTCT on SAM–CH3 (N=6).  
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
TGTG-X-GTGT 
-L- -3.87 (0.7) 95 (22) 6951 (1115) 124311 (26569) 
-V- -4.40 (0.3) 79 (12) 19300 (9800) 177800 (3200) 
-D- -3.54 (0.6) 73 (20) 4940 (1980) 190200 (7400) 
TGTG-X-GTCT 
-L- -3.37 (0.3) 181 (19) 1794 (729) 148436 (22810) 
-V- -3.91 (0.25) 72 (19) 10705 (2703) 183129 (12480) 




Table B–3. Values of m, Q, K and Goads (mean ± 95% CI) for peptides TGTG-X-GTGT 
and TGTG-X-GTCT on SAM–NHCOCH3 (N=6).  
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
TGTG-X-GTGT 
-L- -1.04 (0.3) 163 (60) 28 (10) 118415 (6671) 
-V- -0.16 (0.1) 13 (7) 15 (10) 158334 (4223) 
-D- -1.93 (0.5) 25 (6) 1100 (500) 153823 (17388) 
TGTG-X-GTCT 
-L- -1.53 (0.2) 161 (49) 88.6 (40) 142309 (15420) 
-V- -0.38 (0.1) 2.18 (0.1) 399 (80) 192631 (31034) 
-D- -1.79 (0.5) 322 (48) 61 (4.4) 177028 (17590) 
 
 
Table B–4. Values of m, Q, K and Goads (mean ± 95% CI) for peptides TGTG-X-GTGT 
on SAM–OCH2CF3 (N=6).  
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
TGTG-X-GTGT 
-L- -3.09 (0.31) 120 (42) 1121 (430) 133629 (9315) 
-V- -3.99 (0.22) 112 (36) 7253 (3273) 161699 (3136) 
-D- -3.59 (0.37) 134 (43) 2924 (1706) 165166 (11303) 
 
Table B–5. Values of m, Q, K and Goads (mean ± 95% CI) for peptides TGTG-X-GTGT 
on SAM–NH2 (N=6).  
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
TGTG-X-GTGT 
-L- -2.34 (0.80) 28 (12) 1683 (60) 137852 (18570) 
-V- -3.90 (0.12) 64 (24) 11686 (1281) 160172 (2118) 
-D- -3.75 (0.20) 53 (28) 9121 (6000) 171599 (10774) 
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Table B–6. Values of m, Q, K and Goads (mean ± 95% CI) for peptides TGTG-X-GTGT 
on SAM–EG3OH (N=6). 
-X- Goads  (kcal/mole) Q  (pg/mm2) K  (unitless) m  (RU/M) 
TGTG-X-GTGT 
-L- -0.40 (0.28) 42 (26) 20 (6) 135182 (1346) 
-V- -0.26 (0.06) 14 (5) 31 (13) 161803 (12948) 
-D- -0.44 (0.14) 55 (20) 23 (9) 165831 (4781) 
 
Table B–7.  Desorption force and separation distance measurements for TGTG-L-GTCT on 
selected SAM-surfaces in PBS; pH=7.4 Mean (± 95% confidence interval), N = 6. An 
asterisk (*) indicates negligible value. For desorption force, (*) especially represents the force 
lower than the sensitivity of our AFM measurement which is around 10 pN.  
SAM Fdes (pN) Maximal separation (nm) 
SAM-OH * * 
SAM-CH3 100 (22) 32 (4) 
SAM-OCH2CF3 77 (13) 33 (4) 
SAM-NHCOCH3 33 (8) 32 (5) 
SAM-EG3OH * * 
SAM-NH2 58 (13) 33 (4) 
 
 
Table B–8. Desorption force and separation distance measurements for TGTG-V-GTCT on 
selected SAM-surfaces in PBS; pH=7.4 Mean (± 95% confidence interval), N = 6. An 
asterisk (*) indicates negligible value. For desorption force, (*) especially represents the force 
lower than the sensitivity of our AFM measurement which is around 10 pN. 
SAM Fdes (pN) Maximal separation (nm) 
SAM-OH * * 
SAM-CH3 107 (15) 25 (6) 
SAM-OCH2CF3 90 (20) 26 (3) 
SAM-NHCOCH3 37 (8) 26 (3) 
SAM-EG3OH * * 





Table B–9. Desorption force and separation distance measurements for TGTG-D-GTCT on 
selected SAM-surfaces in PBS; pH=7.4 Mean (± 95% confidence interval), N = 6. An 
asterisk (*) indicates negligible value. For desorption force, (*) especially represents the force 
lower than the sensitivity of our AFM measurement which is around 10 pN. 
SAM Fdes (pN) Maximal separation (nm) 
SAM-OH * * 
SAM-CH3 98 (22) 28 (3) 
SAM-OCH2CF3 98 (18) 26 (3) 
SAM-NHCOCH3 56 (14) 24 (6) 
SAM-EG3OH * * 
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